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Abstract 
 
Plant roots are underground repositories of a wide range of useful secondary 
metabolites. This hidden world is also the domain of mycorrhizas, the symbiotic 
relationship between a fungus and the plant root. Pot and field studies have 
shown that arbuscular mycorrhizal fungi (AMF) elicit enhanced production of 
root metabolites but whether this ability of AMF also occurs in vitro in 
Agrobacterium rhizogenes mediated transformed hairy root cultures is not 
known. In this study, two medicinally important plant species, Withania 
somnifera that produces withanolides, specifically withaferin A (WA), and 
Glycyrrhiza glabra, that produces glycyrrhizic acid (GLY) were examined. In 
addition, a model plant, Tagetes erecta, commonly used for its biocidal properties 
due to the presence of α-Terthienyl (α-T) was also the subject of the study. The 
model plant was selected on the basis of its capacity to form mycorrhizas due to 
its coarsely branched roots and few or less root hairs, thus increasing its 
dependency on the fungus for nutrition. While past research has concentrated on 
understanding the mechanisms behind the dual relationships, there remain major 
gaps in knowledge on the potential of the symbioses to effect metabolite 
production in hairy root cultures. Additionally, although there have been studies 
which progressively advance the methodology for extraction of metabolites, there 
is little if no information on maintaining the viability of the initial, starting 
material. To address these key gaps, the research presented in this thesis 
examined the necessity of cultivar selection and their development of 
mycorrhized hairy root cultures, the quantification of key secondary metabolites 
under a number of growth conditions and finally the feasibility of a non-
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destructive “green method” of extraction which enabled maintenance of viability 
of mycorrhizal fungus and host root following release of secondary metabolites. 
Withania somnifera, Tagetes erecta and Glycyrrhiza glabra, germplasms were 
collected and established in a modified, in vitro whole plant system for 
morphological and phytochemical analysis. Each species was grown and 
analysed in this novel growth platform which had distinct advantages over an in 
situ (conventional) system. Significant differences in secondary metabolite 
concentration was found in different germplasms and the highest yielding 
germplasms were selected for development of hairy root cultures. Hairy roots 
were successfully induced in all three species. In hairy roots of W. somnifera the 
presence of WA, withanolide A, withanone, withanolide B and 12-deoxy 
withastramonolide; in T. erecta the presence of α-T and in G. glabra the presence 
of GLY and glabridin (GLA) were confirmed. Further analysis using high 
performance liquid chromatography (HPLC) showed that the highest metabolite 
concentrations in hairy root cultures were found at 4 weeks after initiation 
compared with that at 8 and 12 weeks. The selected germplasms were further 
investigated for their potential to establish mycorrhizal symbioses and the 
greatest success was achieved for dual culture of T. erecta hairy roots with 
Rhizophagus intraradices which was successfully initiated and maintained for 
three cycles.  The symbiosis led to increased growth and secondary metabolite 
content which was significantly higher than non-mycorrhizal hairy roots. 
Finally, to address the knowledge gap around the potential for maintaining 
continuous mycorrhizal cultures while enabling metabolite release, green 
extraction methodologies were examined on mycorrhized hairy roots of T. erecta. 
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Ultrasound and shaking assisted extraction using dodecane and nonane solvents 
retained viability of mycorrhizas and roots along with release of α-T. In addition 
to the above studies, a rapid and sensitive assay that used HPLC with post-
column acidic potassium permanganate chemiluminescence detection was used 
for determination of the antioxidant potential in W. somnifera, T. erecta and G. 
glabra root extracts.  
The research presented in this thesis has thus contributed greatly to an enhanced 
understanding of dual culture establishment and the influence of the symbioses 
on elicitation of secondary metabolites and to ways of extracting and quantifying 
them in mycorrhized hairy root cultures.   
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Chapter 1 : Introduction and Literature Review                                   
1.1 General Introduction  
Plant roots are hidden organs with the richest depositories of secondary 
metabolites (Loyola-Vargas and Miranda-Ham, 1995; Uriel and Zohara, 2002). 
Being hidden in soil exposes them to a range of stresses and antagonistic 
interactions, thus the production of defence related molecules, secondary 
metabolites, are essential for their survival. These secondary metabolites have 
been utilized for their medicinal properties to ameliorate human diseases (Das et 
al., 2014). There is globally an increasing demand for molecules that are derived 
from natural resources and for faster and increased amounts of secondary 
metabolites new methods of production are required. One such method is to use 
bacterial stimulated root production to provide large amounts of material that can 
be harvested for the required molecules. In this thesis, Agrobacterium rhizogenes 
mediated hairy root cultures were used as an alternative for the production of 
secondary metabolites. Although, these hairy root cultures produce higher 
biomass and more metabolites when compared to conventionally grown plants, 
use of elicitors in conjunction helps in increasing the overall yield. Elicitation of 
secondary metabolites by biotic and abiotic elicitors has also been documented 
and is of increasing interest (Ali et al., 2015; Shukor et al., 2013; Wilczańska-
Barska et al., 2012). Arbuscular mycorrhizal fungi (AMF) are one such biotic 
elicitor that has been studied for stimulating higher secondary metabolite 
production in roots (Raghuwanshi and Sinha, 2014). 
Field and green house studies has revealed the use of mycorrhizal fungus as a 
promoter of plant overall health (Dave et al., 2011; Liu et al., 2007) and 
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influencing the production of metabolites (Pedone-Bonfim et al., 2015; 
Raghuwanshi and Sinha, 2014; Zeng et al., 2013). In vitro dual culture of hairy 
roots and mycorrhizas provides the benefit of continuous availability of 
mycorrhizal inoculum (Ijdo et al., 2011) but studies on this symbioses in the in 
vitro condition influencing metabolite production has not been explored yet and 
is also the subject of the work presented in this thesis. While much progress has 
been made in understanding the mechanism behind the dual relationships and the 
procedures employed for extracting hairy root cultures for secondary metabolites, 
there lies a gap for a “green method” of extraction of the secondary metabolites 
from mycorrhized hairy root cultures. The term “green extraction” in the present 
study are methodologies where secondary metabolites are obtained and viability 
of both roots and mycorrhizas are maintained. Thus, research presented in this 
thesis explores utilization of a live elicitor (mycorrhizal fungus) for increasing 
secondary metabolite production and also examines efficient extraction 
procedures for deriving secondary metabolites continuously that will 
simultaneously retain the viability of the root and the live elicitor. 
In this research, two plant species, Withania somnifera and Glycyrrhiza glabra, 
which are widely known for their medicinal properties and that are being heavily 
exploited in the wild are examined. The roots of these plants harbor secondary 
metabolites namely withanolides from W. somnifera (Chatterjee et al., 2010) and 
glycyrrhizic acid from G. glabra (Liu et al., 2014). Along with these two species, 
a model plant, Tagetes erecta, commonly used for its biocidal properties due to 
the presence of thiophenes (Marotti et al., 2010), is also included in this study. 
The model plant was selected on the basis of its capacity to form mycorrhizas due 
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to its coarsely branched roots and few or less root hairs, thus increasing its 
dependency on the fungus for nutrition (Smith and Read, 1997). The production 
of targeted secondary metabolites in the plant species were examined in in situ 
(conventional) and in vitro dual co-culture with AMF. 
1.2 Roots as a source of medicinal compounds 
Over many centuries there has been extensive use of medicinal plants either as a 
source of crude extracts or pure compounds to cure various human ailments and 
diseases (Arif et al., 2009; Meena et al., 2013). The high cost of synthetic drugs 
and the side effects associated with them has led to a growing interest in plant-
derived medicinal chemicals. Significant repositories of these compounds are 
found in plant roots. Withanolides from Withania somnifera (Kushwaha et al., 
2012), glycyrrhizic acid and glabridin from Glycyrrhiza glabra (Fiore et al., 
2008; Jirawattanapong et al., 2009), rosmarinic acid from Ocimum basilicum 
(Bais et al., 2002), podophyllotoxin from Podophyllum peltatum (Guerram et al., 
2012),    camptothecin from Campotheca accuminata (Liu, 2003) and plumbagin 
from Plumbago indica (Kaewbumrung and Panichayupakaranant, 2014) are few 
examples of plant roots which serve as source of medicinally important 
compounds. Despite their potential importance as a source of useful compounds, 
they have been largely overlooked in this regard. 
1.3 Plant species used in this research and their medicinally active 
chemical constituents 
Three plant species, W. somnifera, T. erecta, G. glabra, have been chosen for 
analysis in this study.  
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1.3.1 Withania somnifera 
Crude extracts of W. somnifera (Family Solanaceae) consist of rich repositories 
of phytochemicals (Chatterjee et al., 2010). The extracts of W. somnifera hold 
many pharmacological properties. The phytochemical constituents of both crude 
as well as purified extracts have been studied for their efficacy in in vitro and in 
vivo models to understand the mechanism behind their pharmacological actions 
(Aalinkeel et al., 2010; Mayola et al., 2011; Nakajima et al., 2011; Vaishnavi et 
al., 2012). Withania somnifera has been an important source of formulation for 
traditional medicines for centuries (Kaileh et al., 2007). The use of W. somnifera 
in traditional medicine (Ayurveda) has prompted exploration into analysis and 
isolation of its phytochemical constituents (Chatterjee et al., 2010; Chaurasiya et 
al., 2008; Ganzera et al., 2003; Khajuria et al., 2004; Sharma et al., 2007). Steroid 
alkaloids and lactones isolated from the various parts of the plant primarily 
consist of withanolides, which are considered to exhibit pharmacological 
activities. Among withanolides, withaferin A (WA), is well known for its 
medicinal properties (Kushwaha et al., 2012; Lee et al., 2012; Mayola et al., 
2011; Min et al., 2011; Yang et al., 2011).  Withaferin A (4β, 27-dihydroxy-1-
oxo-5β, 6β-epoxywitha-2-24-dienolide) was the first among the group of 
compounds isolated from W. somnifera (Glotter et al., 1973).  It is known for its 
various medicinal activities such as anti-inflammatory, anticancerous (Nakajima 
et al., 2011; Vaishnavi et al., 2012). Other than WA, withanolide A has strong 
neuropharmacological properties and thus play potential role in treatment of 
neurodegenerative diseases (Kuboyama et al., 2005; Tohda et al., 2005a; Tohda 
et al., 2005b). Along with the above two withanolides, withanolide D and 
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withanone are known to be produced in hairy root cultures. Withanolide B, 12-
deoxywithastramonolide, withanoside IV, and withanoside V are some other 
withanolides that are investigated in this study.  
1.3.2 Glycyrrhiza glabra 
Glycyrrhiza glabra known as Licorice (Family Fabaceae) is extensively used in 
herbal medicines. In Indian Ayurveda, G. glabra is used as a cure for many 
diseases (The Ayurvedic Pharmacopoeia of India, 2001). Medicinal use of the 
plant has been documented in various studies (Barnes et al., 2007; Gupta et al., 
2008; Hong et al., 2009). One of the important compounds of the plant, 
glycyrrhizic acid (glycyrrhizin, GLY), found in the roots and rhizomes possess 
anti-inflammatory, anti-microbial, anti-allergic, anti-ulcer and anti-oxidative 
properties (Aly et al., 2005; Fiore et al., 2008; Ploeger et al., 2000). Another 
major compound glabridin (GLA) is also reported to have various 
pharmacological activities such as anti-oxidant stress, anti-microbial, estrogenic 
and anti-proliferative activities, inhibition of inflammation and melanogenesis 
(Jirawattanapong et al., 2009). GLY and GLA which is produced from roots and 
is the secondary metabolite I have targeted in this study. 
1.3.3 Tagetes erecta 
Tagetes erecta belonging to the family Asteraceae, has been used as an 
ornamental plant as well as for its potential for biocidal activity and medicinal 
properties in traditional medicine (Lim, 2014). It consists of secondary 
metabolites which possess activity against insects, fungi and nematodes 
(Vasudevan et al., 1997). Roots of the plant accumulate thiophenes and have 
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exhibited strong biocidal activity by showing suppressive activity against 
nematodes ((Hooks et al., 2010; Sarin, 2004, Marotti et al., 2010). Root extracts 
of the plant have also shown antioxidant (Gupta et. al., 2012) and antimicrobial 
activity (Gupta and Vasudeva, 2010). α-Terthienyl (α-T) is an important 
thiophene which is produced from roots and is the secondary metabolite I have 
targeted in this study. 
1.4 Sources of secondary metabolites other than from natural 
plant populations  
Ever-growing demands of pharmaceutical companies have led to extensive 
uprooting of medicinal plant species and therefore depletion of the natural 
resource. Excessive harvesting of plant species for their medicinal use has led 
them to being endangered. Poor germination of seeds and death of young 
seedlings during conventional propagation present obstacles in meeting the 
advancing need for the plants. Moreover, climate dependency, various plant 
diseases and requirement of intensive labour serve as obstacles for efficient 
supply of the raw material. Conservation of medicinally important plant species 
through a biotechnological approach is seen as one way of averting species loss 
while maintaining supply (Pence et al., 2007). Compared with the traditional 
agricultural practices biotechnological approaches (see for example Murthy et al., 
2014) have been found to reduce both the time required for plant production and 
the risk of pathogen infection but also they have enhanced the adaptive capacity 
of plants in the face of altered climatic conditions to produce the desired 
secondary metabolite. Complex structures and unique stereo-chemical 
arrangements of the plant derived compounds make it non-economical to be 
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synthesized chemically. Thus, production of secondary metabolites using plant 
cell and hairy root cultures becomes an attractive alternative (Ramachandra Rao 
and Ravishankar, 2002; Sharma et al., 2013; Verpoorte et al., 2002). 
1.4.1 Producing secondary metabolites in plant cell cultures 
Cell cultures have been seen as one substitute for whole plants for the production 
of secondary metabolites (Zárate and Verpoorte, 2007; Zhao and Verpoorte, 
2007). Callus cultures of Plumbago zeylanica (Rout et al., 1999) and clonal 
multiplication of Plumbago indica (Handique and Chetia, 2000) and auxiliary 
bud proliferation in Plumbago rosea (Kumar and Bhavanandan, 1988) have been 
described for several biotechnological applications. Commercially important 
compounds such as rosmarinic acid and taxol are found to accumulate in various 
callus and cell suspension cultures (Kintzios, 2008). 
The challenge in producing secondary metabolites from plant cell cultures lies in 
them being produced by specialized cells at various stages. Undifferentiated cells 
sometimes do not synthesize compounds and often do not release the compound 
if synthesized in the medium. Slow growth adds up to the limitations of using 
plant cell cultures (Balandrin et al., 1985; Berlin et al., 1985; Ravishankar and 
Venkataraman, 1991). To overcome the limitations of plant cell cultures, focus 
shifted from cell cultures to hairy roots cultures, due to their faster growth, non-
requirement of  hormones in the medium and good production of  secondary 
metabolites (Giri and Narasu, 2000; Kim et al., 2002; Mishra and Ranjan, 2008).  
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1.4.2 Hairy root cultures 
Infection of explants with Agrobacterium rhizogenes initiates the production of 
hairy roots. A. rhizogenes, is a Gram-negative soil bacterium (Rostampour et al., 
2009). On infection of the plant signal molecules released from susceptible 
wounded plant cells are recognized by the bacterium causing initiation of hairy 
roots at the site of infection (Fig. 1.1). The bacteria harbors the root-inducing (Ri) 
plasmid with T-DNA which is transferred to the injured plant cell and is 
integrated stably into the plant genome which then directs the synthesis of auxin 
leading to the production of hairy roots (Blakesley and Chaldecott, 1993; Suzuki 
et al., 2009).  
        
Figure 1.1  Transformed hairy root culture. (a) Hairy root initiation (ri) from 
Withania somnifera leaf explant (le) at 10 days after infection with 
Agrobacterium rhizogenes. (b) Transformed hairy root (hr) culture of Tagetes 
erecta growing on Murashige and Skoog media after 5 days of transfer from the 
explant.  
Transformed roots grow rapidly with extensive branching and they typically 
produce a range of molecules of which some are the same as the parent material 
but others are completely novel (Nader et al., 2006). Hairy root cultures showed 
a b 
ri 
le 
hr 
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great promise for the production of secondary metabolites and as a model system 
in the field of therapeutics. Nowadays hairy roots have found application in 
phytoremediation, molecular breeding, biotransformation and elucidation of 
physiological processes and biosynthetic pathways and as ‘green factories’ for 
high value molecules (Chandra and Chandra, 2011; Georgiev et al., 2007; 
Guillon et al., 2006; Ono and Tian, 2011). Hairy root cultures are largely used for 
the production of secondary metabolites and their potential as a source of 
bioactive chemicals has focused attention on the exploitation of in vitro systems 
(Giri and Narasu, 2000; Kim et al., 2002). There are various reports of different 
active compounds of pharmaceutical interest being produced by hairy root 
cultures. For example, hairy root cultures of Scutellaria baicalensis has been 
reported to produce baicalein, an anti-inflammatory secondary metabolite (Park 
et al., 2011). Hairy root cultures of Licorice (G. glabra) were reported to produce 
high biomass (within 45 days), about 20 times more than the actual biomass 
inoculated (Mehrotra et al., 2008). It was observed that α-T accumulation in hairy 
root cultures of T. erecta was increased in comparison with that found in callus 
cultures (Mukundan and Hjortso, 1990). Withania somnifera hairy root cultures 
also showed increases in production of withanolides was 2.7 fold higher in 
transformed roots than non-transformed roots (Murthy et al., 2008a; Murthy et 
al., 2008b).  
Inoculation of plants with biotic elicitors such as mycorrhizas has also been 
shown to influence the production of metabolites (Raghuwanshi and Sinha, 
2014). Refer to section 1.5.3 for more detailed discussion. 
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1.5 A plant fungal association for eliciting secondary metabolite 
production: Mycorrhizas  
The life cycle of plants involves their interaction with various microbial species. 
Depending on the microbial species these interactions can result in a range of 
associations from pathogenic to amensal and symbiotic (Johnson et al., 1997). 
The rhizosphere environment which mainly comprises of sugars, amino acids, 
organic acids, phenols and other natural products is beneficial for the existence of 
numerous microbes. Examples include, plant growth promoting rhizobacteria, 
nitrogen fixing bacteria and mycorrhizas that provides significant benefits to 
plants (Bonanomi et al., 2009). Among the different microbial species, 
mycorrhizal interactions are the most prevalent. The term mycorrhiza was coined 
by Sir A. B. Frank in 1885. Mycorrhiza means fungus roots (Strack et al., 2003). 
It has been estimated that 80% of terrestrial plants have mycorrhizal symbioses. 
The mutual symbiosis helps plants in mineral nutrition, water uptake, soil organic 
matter exploitation and protection from soil pathogens (Smith and Read, 2008; 
Smith et al., 2003). 
1.5.1 Types of mycorrhizas 
There are various types of mycorrhizas (Table 1.1) based on the type of 
penetration of roots and the external and internal structures formed during 
symbioses (Brundrett, 2004). In this thesis I have used endomycorrhizas 
exclusively. 
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Table 1.1 Types of mycorrhizal association and their characteristics (modified 
from Brundrett, 2004) 
Types of 
mycorrhizas 
Characteristic 
structures 
Colonizing 
cells 
Plants 
Arbuscular 
Mycorrhiza 
x Arum-type arbuscular 
mycorrhiza (Intercellular 
hyphae and arbuscules 
and Paris-type arbuscular 
mycorrhiza (Intracellular 
hyphae, coils and 
arbusculate coils 
x Vesicles 
Intracortical 
cells 
Vascular plant 
families 
Ectomycorrhiza x Hartig net 
x Mantle sheath 
Intercortical 
cells and 
surface of roots 
Family 
Monotropaceae, 
Arbutoideace 
Orchid x Pelotons : Coils of hypha Root cells Family 
Orchidaceae 
Ericoid x Coils of  hypha within 
very thin roots 
Very thin roots Family Ericaceae 
Subepidermal x Hypha Cavities under 
epidermal cells 
Monocot genus 
Thysanotus 
1.5.2 Endomycorrhizas (Arbuscular Mycorrhiza Fungi) 
Endomycorrhizal fungi associate with a wide range of plant species from 
bryophytes through to the angiosperms. There is no fungal sheath and the hypha 
penetrates root cortical cells and forms the characteristic structures, vesicles and 
arbuscules. Hence, this association is also known as Vesicular Arbuscular 
Mycorrhiza. As some endomycorrhizas do not form vesicles they are collectively 
known as Arbuscular Mycorrhizal Fungi (AMF).  
Endomycorrhizas are obligate biotrophic organism and are host dependent. In the 
mutualistic association the fungus is supplied with carbon from the plant and in 
return it contributes with the acquisition of water, phosphate and mineral 
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nutrition from the soil and protection of plant roots against pathogens (Elsen et 
al., 2001; Slezack et al., 2000; Vaast et al., 1997). The association has positive 
effects in terms of maintaining water potential in plants which are under drought 
stress (Augé, 2001). Along with these benefits positive effects on soil structure 
have also been described (Jeffries and Barea, 2001). Thus, AMF and its 
association with host plant roots is an important component of sustainable 
agriculture.  
During colonization of roots by AMF an appressorium is formed from where the 
hypha penetrates the root surface epidermal cells. The hypha then develops 
within the cortex cells tree-like structures called arbuscules by repeated 
dichotomous branching (Fig. 1.2). These arbuscules are haustoria-like structures 
responsible for nutrient exchange. In some cases intercellular storage organs, 
lipid rich vesicles are formed. The hypha also forms extraradical spores which 
may enter into another symbiotic process (Bonfante and Perotto, 1995). 
1.5.3 Mycorrhizas as a biotic elicitor 
AMF symbioses may be exploited as a biotic elicitor to improve the essential oil 
concentration, alkaloids, flavonoids, triterpenoids, phenols and saponins of the 
medicinal plants (Yuan Zhi-lin et al., 2007). Primary and secondary metabolism 
is influenced in AMF colonized plants (Schliemann et al., 2008). During 
recognition of AMF, the plant defense system is stimulated which in turn 
activates different genes. This stimulation causes alteration in the hormone 
balance, in turn inducing synthesis of secondary metabolites (Andrade et al., 
2013 and Peipp et al., 1997). Enzymatic activities (Ruiz-Lozano et al., 1996) and 
physiological mechanisms are influenced by the colonization leading to 
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accumulation of secondary metabolites (Fester et al., 2001; Marulanda et al., 
2007; Toussaint et al., 2007; Walter et al., 2000).  
Existence of symbioses has been described in many medicinal plants from India 
(Muthukumar and Udaiyan, 2000; Panwar and Tarafdar, 2006; Rani and 
Bhaduria, 2001; Selvaraj et al., 2001). One study indicated the seasonal variation 
of AMF in rhizosphere of medicinal plant species (Kumar et al., 2010) and one of 
the species of AMF fungi mainly Glomus sp. was isolated from North and South 
Goa of the Western Ghats, India (Radhika and Rodrigues, 2010). It is reported 
that total dry matter, protein and total chlorophyll content were enhanced in AMF 
invaded plants (Karthikeyan et al., 2009).  
It is well established that in AMF inoculated plants, there is an increase in plant 
total dry matter production, protein, total chlorophyll content and increase in 
secondary metabolites and root growth in mycorrhiza inoculated plants is also 
reported (Ceccarelli et al., 2010; Geneva et al., 2010; Rapparini et al., 2008; 
Venkateswarlu et al., 2008). The formation of mycorrhizal symbiosis by T. erecta 
has been shown to have positive effects on growth, phosphorus content, 
pigments, and flower quality in well-watered and also in drought stressed plants 
(Asrar and Elhindi, 2011). It has been observed that all growth parameters were 
increased in W. somnifera plants with mycorrhizas compared with uninoculated 
plants (Halder and Ray, 2006). It is also reported that in G. glabra plants 
colonized with AMF, the leaf and root biomass and phosphorus content 
increased. Also, an increase in the yield of secondary metabolites was observed 
(Liu et al., 2014) in this species. Thus, AMF play a role in the enhancement of 
growth of plants and in production of secondary metabolites. 
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Figure 1.2 Different structures of Rhizophagus intraradices (AMF) in host plant 
roots. (a) Light microscope image of unstained preparation of spores. (b) Light 
microscope image of stained root of Tagetes erecta showing extraradical hyphae 
(h). (c) Confocal microscope image showing active arbuscules (aa) and 
collapsing arbuscules (ca) in a root of Withania somnifera. (d) A scanning 
electron microscope image showing arbuscules (a) visible in the cortical cells of 
T.  erecta roots. Scale bar a = 100 μm and b, c and d = 10 μm. 
1.5.4 In vitro culture of mycorrhizas 
The study of AMF symbioses is often difficult due to the presence of the soil 
environment around roots and the obligate biotrophic nature of mycorrhizas. To 
overcome these difficulties, root organ culture (ROC) and autotrophic plant 
cultures have been used (Koffi et al., 2009; Voets et al., 2005). Use of Ri T-DNA 
transformed roots in dual culture with spores of mycorrhizas offers a valuable 
tool to have a pure, sterile, bulk and contaminant free propagule (Fig. 1.3). Study 
can be undertaken on a routine basis as the system can be observed non-
destructively under a microscope. White and coworkers first developed ROC 
(Butcher and Street, 1964; Butcher, 1980; White, 1943). Mosse and Hepper 
demonstrated the successful colonization between mycorrhizal spores and 
excised roots (Mosse and Hepper, 1975). The intraradical phase of mycorrhizas 
which includes mycorrhizal root pieces and vesicles can also be used to re-
establish colonization on excised roots (Strullu and Romand, 1986; 1987). 
Different studies have discussed the association of AMF fungi in ROC. Mosse 
and Hepper (1975) described infection with Glomus mosseae in axenic culture. 
Rhizophagus intraradices and Gigaspora margarita have been reported to exhibit 
extensive hyphal proliferation and sporulation in an in vitro system of carrot 
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hairy root cultures. The life cycle of AMF,  R. intraradices has been studied 
using in vitro culture techniques (Eskandari and Danesh, 2010) and studies on co-
culture of new mycorrhizal and hairy root culture associations are an active area 
of research (Puri and Adholeya, 2013). This association in the in vitro condition 
is easily harvested providing extraradical spores and vesicles which serve as 
biofertilizer (Mosse and Hepper, 1975, Atkinson et al., 2000). About 50% 
reduction in the use of chemical fertilizer occurs when this biofertlizer is used. 
This has been tested in several field crops by the research undertaken at The 
Energy and Research Institute (TERI), New Delhi, India (Gaur et al., 2000). It 
was also reported that the symbiosis helps in increasing the yield and soil fertility 
(Davies et al., 1993). The transformed hairy root cultures of species under study 
in the thesis, T. erecta, W. somnifera and G. glabra have to my knowledge not 
been established with a mycorrhizal symbiont under in vitro conditions. Further, 
there is the need to explore the influence of this symbiotic association on 
secondary metabolite production in an in vitro system. 
Figure 1.3 Hairy root culture of Tagetes erecta colonized with mycorrhiza in in 
vitro conditions. (a) and (b) Colonized roots (r) and spore (s) spreading in a Petri 
plate. (c) Mycorrhizal colonization in jar with sporulation (s) in the media and 
negatively geotropic growth of colonized roots (r). Scale bar represents 100 μm. 
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1.6 Techniques for extraction, quantification and analysis of root 
secondary metabolites: the rise of “green extraction” technologies 
During extraction of secondary metabolites from roots, the material is lost due to 
crushing the roots in the solvent. Percolation, Soxhlet extraction and maceration 
are the extraction methodologies commonly followed (Jones and Kinghorn, 
2012) with solvent and steam extraction as techniques for secondary metabolite 
extraction (Starmans and Nijhuis, 1996). Many new developments in extraction 
technologies have been made with for example, supercritical extraction (Liu et 
al., 2011), ultrasound assisted extraction (Ghasemzadeh et al., 2014) and 
microwave assisted extraction (Zhang et al., 2011). 
There has been little study on the preservation of the initial starting material used 
for extraction that can potentially be used as a renewable source of secondary 
metabolites. There are two major ways of extracting materials from plants, one 
using robust mechanical and solvent based extraction and the other is concerned 
with maintaining viability of certain components of the plant material, the latter is 
termed green extraction technology. Two very early studies on beet root discs and 
Mentha x piperita whole plants viability was maintained using green approach 
(Shotipruk et al., 2001 and Weathers et al., 1995) and there have since been no 
studies that have used this approach.  
In my research, green extraction involves maintaining the viability of the root and 
along with this the mycorrhizal symbiont. With this approach the mycorrhizal 
symbiont can be recycled and can be used for establishing a new symbiosis. To 
my knowledge this approach to extraction of secondary metabolites while 
maintaining root and mycorrhizal viability has not been attempted. 
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1.7 Antioxidant activity of secondary metabolites: Detection and 
Quantitation by Chemiluminescence 
During metabolism the human body produces electrically charged molecules 
known as free radicals that attack cells causing oxidative stress. The free radicals 
are produced through environmental factors; respiration and cell mediated 
immune functions (Li and Trush, 1994) and are scavenged by antioxidant 
molecules. Antioxidant potential is a key characteristic of medicinally important 
compounds and even though antioxidant activity of secondary metabolites has 
been determined in many studies, the complex nature of the crude extracts stand 
in the way for individual metabolite analysis in these assays (Karadag et al., 
2009; Moon and Shibamoto, 2009). Chemiluminescence, an alternative technique 
for detection of antioxidant potential provides highly sensitive, comparably 
simple instrumentation, high speed of response and low limits of detection 
(Francis et al., 2010). Emission of ultraviolet, visible or infrared light from an 
electrically excited intermediate or output of a chemical process is the basis of 
chemiluminescene. Kinetics and thermodynamics of chemiluminescent reactions 
and the process of solution mixing are responsible for the formation of an emitter. 
Analytical methods that are flow-based contribute the platform to merge samples 
with chemiluminescence reagents before the reaction mixture reaches the 
photodetector at its highest emission intensity (Adcock et al., 2011; Francis and 
Hogan, 2008). In our study we have explored the use if the chemiluminescence 
method for study of the antioxidant nature of the metabolites. 
Withania somnifera is a prized plant in the traditional medicines with antioxidant 
capacities present in leaves, roots, bark and stem of the plant (Fernando et al., 
2013).  Active principles of the plant, glycowithanolides (sitoindosides VII and 
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X) and WA have been well documented for cognition facilitating responses, 
immunomodulatory, anti-inflammatory, antistress and antiaging activities (Alam 
et al., 2012; Ansari et al. 2013). Tagetes erecta (Marigold) is used as source of 
anti-inflammatory, analgesic, anti-edematous agents. Antioxidant potential was 
reported in the flower essential oil (Gutierrez et al., 2006) and in the ethanolic 
extracts (Chivde et al., 2011). The ethanolic extract of the roots showed 
scavenging activity of free radicals, thus showing  antioxidant potential (Gupta et 
al. 2012) but still there is great scope for exploring the antioxidant  potential of 
the root extract of this species.  The extracts from G. glabra, such as glycyrrhizic 
acid are also reported to show antioxidant activity (Cheel et al., 2013). 
In my research, I have explored the antioxidant potential of root extracts with the 
use of high performance liquid chromatography coupled with acidic potassium 
permanganate chemiluminescence detection. 
1.8 Conclusion 
It is evident from earlier reports that mycorrhizas influence the production of 
secondary metabolites by plants and thus they play an important role as an 
elicitor of these metabolites. Along with the symbiosis, the green extraction 
methods provide a continuous supply of secondary metabolites while maintaining 
root and mycorrhizal viability. Furthermore, use of other abiotic and biotic 
elicitors in the plant-mycorrhiza association may open up frontiers to study their 
influence on symbioses with respect to secondary metabolites in plants.  The 
research in this thesis describes a new and novel approach for production of 
secondary metabolites in conjunction with preservation of mycorrhizas. 
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1.9 Thesis aim and structure 
The aim of the research was to establish mycorrhizal symbiosis in vitro for W. 
somnifera, T. erecta and G. glabra and to develop green methods of extraction of 
secondary metabolites. This thesis has five experimental chapters, the first 
(chapter two), describes collection and screening of plants. Chapter three sets up 
Agrobacterium rhizogenes mediated transformation of the selected plant species. 
Chapter four investigated mycorrhizal symbioses in conventional and in vitro 
dual cultures. The fifth chapter presents a green method for secondary metabolite 
extraction that maintains root and mycorrhizal viability. The final experimental 
chapter (chapter six) explores a chemiluminescence method for detection of 
antioxidant potential of secondary metabolites. 
The following are the titles of the experimental chapters and a brief overview. 
Chapter 2: Germplasm collection, screening and quantification of secondary 
metabolites in Withania somnifera, Tagetes erecta and Glycyrrhiza glabra 
The chapter involved study of the selected plants in in situ and in vitro conditions 
for selection of the highest secondary metabolite producing germplasms. The 
advantage of using the modified in vitro system have been described for 
phytochemical screening. 
Chapter 3: Establishment of Agrobacterium rhizogenes-transformed hairy 
root cultures in Withania somnifera, Tagetes erecta and Glycyrrhiza glabra 
and quantification of secondary metabolites  
 The chapter involved study of the selected plants for establishment of hairy root 
cultures followed by analysis of growth kinetics of the transformed lines. A range 
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of different secondary metabolites produced by the hairy root cultures was also 
addressed in the study. 
Chapter 4: Mycorrhization of Withania somnifera, Tagetes erecta and 
Glycyrrhiza glabra: induction of secondary metabolite production in 
conventionally grown plants and in hairy root cultures  
This chapter involved the study of effect of mycorrhizas on various growth 
parameters in in situ and in vitro conditions.  Plants were studied under 
greenhouse conditions and in in vitro grown transformed hairy roots lines. In 
these experimental systems, mycorrhizas acts as a biotic elicitor and secondary 
metabolite production was examined.  
Chapter 5: Development of a “green method” for extraction of secondary 
metabolites from mycorrhized hairy root cultures.  
In this chapter, mycorrhized hairy root cultures were studied for their viability 
after being subjected to various extraction methodologies. The aim of this green 
method of extraction was to produce a continuous mycorrhized culture that could 
be harvested regularly for secondary metabolites. 
Chapter 6: Determination of the antioxidant potential of secondary 
metabolites derived from in situ grown plants and hairy root cultures using a 
chemiluminescence assay  
Chemiluminescene has been used for the first time to detect antioxidant potential 
of secondary metabolites in the three species, W. somnifera, T. erecta and G. 
glabra. Using an HPLC with acidic potassium permanganate chemiluminescence 
assay W. somnifera and T. erecta were found to show antioxidant potential 
activity but no activity was found for G. glabra  
Chapter 1 Introduction and Literature Review 
 
22 
 
1.10 Flowchart----- Underlying approach for research in this 
thesis. The highlighted boxes are the research areas undertaken 
in this thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plants roots (Chapter 1) 
Medicinal 
Conventional Natural approach 
Plants roots with secondary metabolites (Chapter 2) 
Plant cell culture Hairy root culture (Chapter 3) 
Elicitor 
Abiotic Biotic 
Root-fungus association: Mycorrhiza (Chapter 4) 
Conventional dual culture In vitro dual culture 
Green extraction (Chapter 5) 
Antioxidant 
potential study 
(Chapter 6)  
Biocidal plant 
Alternative secondary metabolites production systems 
Secondary metabolite Mycorrhizal viability Root viability 
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Chapter 2 : Germplasm collection, screening and 
quantification of secondary metabolites in Withania 
somnifera, Tagetes erecta and Glycyrrhiza glabra  
 
Some part of the work presented in this chapter has been published: Johny L., 
Conlan, X., Cahill, D., and Adholeya, A. (2015). In vitro and in situ screening 
systems for morphological and phytochemical analysis of Withania somnifera 
germplasms.  Plant Cell Tissue and Organ Culture 120 (3), 1191-1202.  Impact 
factor - 2.6. Adholeya, A. and Cahill, D.; conceived the project and contributed 
towards drafting the manuscript; Conlan, X.; provided technical expertise and 
comments on early drafts of the manuscript; Johny, L.; designed and carried out 
all the experiments, analysed the results, prepared all the figures and tables and 
drafted the manuscript. 
2.1 Abstract 
Research reported in this chapter shows for the first time for Withania somnifera, 
Tagetes erecta and Glycyrrhiza glabra, the use of a modified in vitro system for 
morphological and phytochemical screening of true to type plants compared with 
those grown in a conventional in situ system. The maximum metabolite 
concentration was obtained for withaferin A (WA), 12.39 ± 0.13 mg/g Dry 
Weight (DW), with 60% methanol and α-Terthienyl (α-T, 0.08 ± 0.49 mg/g DW) 
and glycyrrhizic acid (GLY, 42.46 ± 0.22 mg/g) with 60% ethanol using a 
combination of tissue grinding and sonication. The plants were healthy and 
metabolites were present in the in vitro system as well as in an in situ system. 
There are distinct advantages in using the in vitro grown plants rather than those 
grown in the in situ system including the simplicity of design, efficient use of 
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space and nutrition and a system which is soil and contaminant free. The 
proposed in vitro system is therefore ideal for utilization in molecular, enzymatic 
and biochemical studies.  
2.2 Introduction        
Plant roots commonly produce secondary metabolites as a defence mechanism 
(Uriel and Zohara, 2002) and thus roots may serve as “biofactories” that can 
produce compounds that may have roles in the prevention and cure of various 
diseases (Das et al., 2014; Itokawa et al., 2008). Phytochemical screening of plant 
species is used to analyse, isolate and characterize the chemical constituents and 
to enable selection of high yielding germplasms across the species distribution 
(Belkacem et al., 2014; Rajani and Kanaki, 2008; Savithramma et al., 2011). 
Studies based on phytochemical screening to date have been mainly based on the 
conventional in situ pot grown plants,  on plants grown in the field and under 
hydroponic conditions (Del Bano et al., 2003; Kiferle et al., 2011; Kwee and 
Niemeyer, 2011; Sgherri et al., 2010). Plant species grown under such conditions 
show seasonal variation in growth, development and metabolite production along 
with different harvesting issues related to soil adherence to roots, damage to roots 
while washing and contamination of roots by soil parasites and root-rotting fungi. 
In view of these disadvantages and to address the heightened interest in plant 
based products for end-user benefits different variations in the in vitro systems of 
plant growth have been proposed (Sarasan et al., 2011; Mahendran and Narmatha 
Bai, 2014). Each of these methods of propagation was associated with a closed 
system supplemented with phytohormones. There has been no plant growth 
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system which uses an in vitro system along with maintaining the true to type 
nature of plant growth.  
In the current research I have aimed to develop a modified in vitro system 
suitable for growth of true to type plants that would enable analysis of variation 
in germplasms on the basis of morphological and phytochemical parameters. 
Withania somnifera, Tagetes erecta and Glycyrrhiza glabra are the three species 
used in this study. 
2.2.1 Withania somnifera 
The use of W. somnifera (Fig. 2.1) in traditional medicine (Ayurveda) has 
prompted exploration into analysis and isolation of its phytochemical constituents 
(Chatterjee et al., 2010; Chaurasiya et al., 2008; Sharma et al., 2007). The 
phytochemical constituents of both crude as well as purified extracts have been 
studied as explained in chapter 1(section 1.3.1). 
Withania somnifera is found naturally within drier areas of subtropical and semi-
temperate regions. This species also occurs widely in the Middle East, Africa, 
Pakistan, India, and the eastern Mediterranean region (Kumar et al., 2007; Kumar 
et al., 2011; Patra et al., 2004). In India, wild plants of W. somnifera are 
distributed in the north-western region of Himachal, Jammu and Punjab and it is 
commercially cultivated in Madhya Pradesh, Rajasthan, Andhra Pradesh and 
Uttar Pradesh (Anon, 1976; Kothari et al., 2003). Studies have shown 
considerable genotypic and phenotypic variation among wild and cultivated 
species (Atal, 1975; Kual, 1957). Reports have described genetic diversity based 
on morphometric and molecular markers in correlation with withanolide markers 
(Misra et al., 1998; Dhar et al., 2006; Dhar et al., 2008; Jain et al., 2007; Kumar 
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et al., 2007). Amplified fragment length polymorphism and selectively amplified 
microsatellite polymorphic loci DNA marker systems for analysing genetic 
relationships between W. somnifera genotypes have been documented (Negi et 
al., 2006; Negi et al., 2000). Biochemical and molecular studies have also been 
undertaken to analyse the metabolic pathways required for the synthesis of 
withanolides (Madina et al., 2007; Senthil et al., 2010; Sharma et al., 2007a). Due 
to genetic diversity in W. somnifera, compositional standardization of different 
herbal formulations is difficult, which has led to continuous commercial 
exploitation of the plant (Sangwan et al., 2004). It is thus necessary to select the 
best germplasm across the geographical range (Dhar et al., 2006; Kumar et al., 
2007; Negi et al., 2006; Ramesh Kumar et al., 2011; Ramesh Kumar et al., 2012; 
Scartezzini et al., 2007). Studies on withanolides have been mainly based on 
plants grown and propagated in conventional pots in green houses or in the field. 
Due to the disadvantages associated with using the conventional system various 
in vitro methods have been proposed. These methods have included a variety of 
tissue culture methods (Wadegaonkar et al., 2006; Kulkarni et al., 2000; 
Manickam et al., 2000; Rani and Grover, 1999), shoot cultures (Sangwan et al., 
2007) and suspension cultures (Ciddi, 2006; Nagella and Murthy, 2010).   
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Figure 2.1 Withania somnifera. (a) Plant growing in pot (b) Harvested roots (c) 
Chemical structure of Withaferin A ((4β,5β,6β,22R)-4,27-Dihydroxy-5,6:22,26-
diepoxyergosta-2,24-diene-1,26-dione.  
Source for all chemical structures in this chapter: 
http://www.chemspider.com/Chemical-Structure. 
2.2.2 Tagetes erecta 
Tagetes erecta (Fig. 2.2) is found in the tropics and subtropics and is widely 
cultivated as a popular ornamental (Lim, 2014). Essential oil in T. erecta flowers 
has been shown to possess antioxidant activity (Gutiérrez et al., 2006). 
Hydrophilic extracts of flowers have shown potential inhibitory activity against 
alpha-glucosidase enzyme (anti-diabetic activity) and against lipase activity 
(Hypolipidemic activity) (Kaisoon et al., 2012). Leaf oil has potential 
antimicrobial activity. Other than the medicinal aspect flowers and leaf extracts 
of the species possess potential toxicity to larvae and adults of Tribolium 
castaneum (Nikkon et al., 2009) and termites (Singh et al., 2003). Thiophenes 
present in roots have shown strong biocidal activity and suppressive activity 
against nematodes (Marotti et al., 2010). Leaf and cotyledonary explants have 
been studied for direct differentiation of shoot buds (Misra and Datta, 2001) and 
friable embryogenic callus and somatic embryo formation (Bespalhok and 
Hattori, 1998). α-Terthienyl is an important thiophene which is produced from 
roots and is the secondary metabolite targeted in the current study. 
a c b 
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Figure 2.2 Tagetes erecta. (a) Plant growing in pot (b) Harvested roots (c) 
Chemical structure of α-Terthienyl (2, 2: 5,2-Terthiophene).   
2.2.3 Glycyrrhiza glabra 
Roots and rhizomes of the G. glabra (Fig. 2.3) hold various pharmacological 
properties already mentioned in chapter 1 (section 1.3.2). One of the important 
compounds of this species, Glycyrrhizic acid (glycyrrhizin, GLY), also known as 
(3β,20β)-20-carboxy-11-oxo-30-norlean-12-en-3yl-2-o-β-17glucopyranuronosyl-
α-D-glucopyranosiduronic acid is a water soluble triterpenoid glycoside found in 
the roots and rhizomes and is known for its medicinal applications. 
Chemopreventitive activity against cancer and AIDS (Acquired immune 
deficiency syndrome) is also reported (Nassiri-Asl and Hosseinzadeh, 2008). 
Another major compound glabridin (GLA), isolated from licorice is a 
pyranisoflavan which is also reported to have various pharmacological activities 
such as an anti-oxidant, anti-microbial, estrogenic and anti-proliferative activities, 
and inhibition of inflammation and melanogenesis (Jirawattanapong et al., 2009). 
This species is found in Central Asia, Northwestern part of China, Spain, Italy, 
Turkey, Iraq and Iran (Hayashi and Sudo, 2009). Micropropagation of licorice 
through axillary buds (Kohjyouma et al., 1995) cell suspension culture (Arias-
Castro et al., 1993), shoot tip and nodal culture (Sawaengsak et al., 2011; 
a b c 
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a b c d 
Thengane et al., 1998) and direct rhizogenesis and establishment of stolon culture 
have been described (Gupta et al., 2013). 
Figure 2.3 Glycyrrhiza glabra (a) Plant growing in pot (b) Harvested roots (c and 
d) Chemical structure of  Glycyrrhizin ((3β)-30-Hydroxy-11,30-dioxoolean-12-
en-3-yl2-O-β-D-glucopyranuronosyl-α-D-glucopyranosiduronic acid and 
Glabridin (4-[(3R)-8,8-Dimethyl-3,4-dihydro-2H,8H-pyrano[2,3-f]chromen-3-
yl]-1,3-benzenediol) respectively.  
In all three species examined in this study various in vitro techniques have been 
established. Each of these methods of propagation was associated with a closed 
system supplemented with phytohormones. The aim of the present study was to 
develop a modified in vitro system suitable for growth of true to type plants that 
would enable analysis of morphological and phytochemical parameters. A new in 
vitro system is described and is based on the use of compartmentalized sterile 
containers that have been found effective for analysis of the interactions of roots 
with microorganisms (Voets et al. 2009). 
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2.3 Materials and methods       
2.3.1 Plant material procurement, seed sterilization and 
germination       
Seeds of eleven germplasms of W. somnifera, ten germplasms of Tagetes erecta 
and one germplasm of G. glabra were obtained from cultivated sources in India 
(Fig. 2.4). For surface sterilization, 100 seeds of each germplasm of W. somnifera 
and T. erecta were washed in running tap water with washing in 0.2% w/v Tween 
20 (Serva, Hyderabad, India) to remove any dust particles. This was followed 
with soaking in 0.1% w/v mercuric chloride (Qualigens, Mumbai) in water for 5 
min. The seeds were then rinsed 5 times with sterilized distilled water to remove 
traces of mercuric chloride. Fifty sterilized seeds of each germplasm of W. 
somnifera and T. erecta were washed again in sterilized distilled water. Each 
germplasm of both the plant species were then placed on 30 mL Murashige and 
Skoog medium (Murashige and Skoog, 1962) in Petri plates (90mm in diameter). 
Seeds were incubated at 30 °C in the dark for germination. Plates were 
transferred to continuous light after seed germination and were maintained at 25 
± 2 °C with a 47 μmol m-2 s-1 photosynthetic photon flux density. An additional 
step before final sterilization procedure, to promote germination in W. somnifera, 
due to its hard seed coat, was to incubate seeds in sterilized distilled water for 3 
days at 25 ± 2 °C under white light (47 μmol m-2 s-1 photosynthetic photon flux 
density) with a 16 hour photoperiod.  
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WS8 
WS1 
WS5 
WS7 
WS11 
WS2 WS6 
WS9 
WS10 
TE10 
TE9 
WS3 
GG 
TE
TE2 and TE3 
TE4 
TE5 
TE6 
TE7 
TE8 
WS4 
Figure 2.4 Map of India showing sites of germplasm collection. Withania 
somnifera, Tagetes erecta and Glycyrrhiza glabra germplasms are coded as WS, 
TE and GG. Arabic numbers following codes represent different places of the 
collected germplasms. Source of India outline map: www.mapsofindia.com. 
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2.3.2 Micropropagation of Glycyrrhiza glabra 
Glycyrrhiza glabra plants were collected from Dehradun (Uttarakhand), India, by 
TERI forestry department in the form of a whole plant from where it was 
procured, maintained and multiplied since the year 2011 for the research purpose. 
. For surface sterilization, the apical tips and axillary buds measuring 1-2 cm 
were washed in running tap water followed with soaking in 0.02% w/v mercuric 
chloride in water for 15 min. The explants were then rinsed 5 times with 
sterilized distilled water to remove traces of mercuric chloride. G. glabra 
germplasm were then placed on 30 mL Murashige and Skoog media (Murashige 
and Skoog 1962) in Petri plates (90 mm) for checking contamination (Fig. 2.5a). 
Plates were incubated in continuous light and were maintained at 25 ± 2 °C with 
a 47 μmol m-2 s-1 photosynthetic photon flux density. After 48hrs, plants were 
placed in MS media supplemented with 6-Benzylaminopurine (BAP 1mg/mL, 
Himedia, India) and Indole-3-acetic acid (IAA 0.1mg/mL, Himedia, India) and 
were then incubated at 25 ± 2 °C under white light (47 μmol m-2 s-1 
photosynthetic photon flux density) with a 16 hour photoperiod (Fig. 2.5b). The 
sprouted shoots were then subcultured for three cycles each for four weeks for 
establishment in jars. Multiple shoots with a length of 3cm were inoculated in 
jars containing MS media supplemented with IAA (0.5 mg/mL), Indole-3-butyric 
acid (IBA 0.5 mg/mL, Himedia, India) and 1-Naphthalene acetic acid (NAA 0.5 
mg/mL Himedia, India) with activated charcoal (Sigma, Bangalore, India) and 
were incubated under 16 hr photoperiod (Fig. 2.5c). 
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Figure 2.5 Micropropagation of Glycyrrhiza glabra. (a) Axillary bud on MS 
medium for contamination check after sterilization. (b) Sprouted buds on 
induction medium. (c) Multiplied shoots. 
2.3.3 Growth of plants   
2.3.3.1 In vitro system establishment of plants     
For plant growth in the in vitro system, 30 mL of semi-solid MS medium (pH 
5.8) with 0.25% phytagel (Sigma, Bangalore, India) without any phytohormones 
was placed in each 90 mm diameter Petri dish for W. somnifera and T. erecta and 
120 mm diameter Petri dish for G. glabra and the dish closed with a lid that had a 
2 – 3 mm hole in the centre. Roots of a three week old seedling/ micropropagated 
rooted plant were inserted through the hole in the lid so that the roots touched the 
growth medium surface and the aerial part of the seedling was kept outside the 
Petri plate. Any gap between the hole in the lid and the seedling stem was sealed 
with sterilized silicon grease and a plastic film (Parafilm, Tarsons, New Delhi, 
India) was used to seal the perimeter of the plate (Fig. 2.6). The Petri plate was 
covered with an opaque black card with a slit allowing the card to be placed 
around the stem of the plant shielding the roots from direct light. Plants of each 
germplasm were grown in replicates of five at 25 ± 2 °C and 47 μmol m-2 s-1 
photosynthetic photon flux density with a 16 hour photoperiod. 
 
a b c
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Figure 2.6 Diagrammatic presentation of the in vitro system establishment in 
Petri plate. Seeds of the plant at seedling stage were transferred to Petri plates 
with roots to grow in the media and aerial part in open environment resembling a 
true to type system. 
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2.3.3.2 In situ establishment of plants     
Fifty surface sterilized, soaked seeds (see section 2.3.1) of each germplasm were 
washed in sterilized distilled water and then sown in sterilized soil in pots at 25 ± 
2 °C. For the in situ system, 40 celled  hyco trays (Balaji Beej Bhandhar, New 
Delhi, India) with each cell dimension of 90 × 40 mm (height × width) were 
filled with 30g of sterilized sandy loam soil. Three week old plants in replicates 
of 5 were grown at 25 ± 2 °C in the green house. In G. glabra plants, the rooted 
plants were deionized using 10 mM sodium citrate buffer (Doner and Becard 
1991), subsequently washed in sterile distilled water and transplanted in hyco 
trays. After three weeks plants were transferred to pots for further growth. Plants 
were watered daily and nutrient solution (Hoagland and Arnon 1950) was added 
to each hycotray cell every 15 days. 
2.3.4 Morphological comparisons between plants grown in the in 
vitro and the in situ system      
Growth and development of plants under the in vitro and the in situ system 
conditions were assessed using the following morphological parameters: plant 
height, leaf shape, number of nodes, length of internodes, number of branches 
and time of flowering with respect to the different plants used in the study. A 
ruler with 1mm graduations was used to assess plant height, from the base of the 
stem at soil level to the apical meristem, and the length of internodes. Leaf shape 
and time of flowering was observed during the harvest. Each parameter was 
assessed at the time of harvest.             
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2.3.5 Plant harvesting and dry weight determination 
Harvesting of plant material was undertaken at the early flowering stage for W. 
somnifera plants (Fig. 2.7) when flowers were present in congested clusters 
(cymose inflorescence). In the in vitro and the in situ systems, early flowering 
stage was attained between 58 and 72 days for plants with the obovate type leaf 
shape and between 120 and 142 days for plants with the ovate type leaf shape and 
plants were subsequently harvested. T. erecta plants were harvested after 6 weeks 
for both the systems (Fig. 2.8a, b and c). In G. glabra, plants were harvested in 
12 weeks for both the systems (Fig. 2.8d, e and f). 
For the in vitro system grown plants, the aerial part of the plant was removed 
from the roots, washed and blot dried on blotting paper. The media attached to 
roots was deionized using 10 mM sodium citrate buffer (Doner and Becard 1991) 
by placing the root system in the buffer at 25 °C for 30 min at 100 rpm in an 
incubator shaker (Kuhner Shaker, Basel, Switzerland). Roots were collected 
using a sieve (52 British Standard Sieve, Industrial Wire Netting Co., New Delhi, 
India) washed with distilled water and then blot dried. For the in situ system 
harvesting, whole plants were removed from the hyco trays. The aerial part of the 
plant was separated from the roots, washed and blot dried on blotting paper and 
the roots were also washed and blot dried. All roots and aerial parts from the two 
growth conditions were separately wrapped in blotting paper and dried in a hot 
air oven (Salvis, Thermo Center Oven, Rotkreuz, Switzerland) at 30 °C. After 
one week, DW of aerial parts and roots was taken continuously every alternate 
day until it was constant for three consecutive days. Dry weights of the aerial part 
and roots of all germplasms were recorded. 
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Figure 2.7 Plants of W. somnifera established and grown in the in vitro and the in 
situ system. (a) and (b) In vitro system plants growing in Petri plate. (a) Flower 
bud initiation. (b) Roots in the Petri plate with exhausted media. (c) and (d) 
Obovate and ovate leaf shapes respectively in the in vitro system. (e) and (f) 
Plants in the in situ system growing in hycotrays.  
 
 
a 
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b 
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Figure 2.8  Plants of Tagetes erecta and Glycyrrhiza glabra established and 
grown in the in vitro and the in situ system. (a, b) and (d, e) In vitro system plants 
of T. erecta and G. glabra growing in Petri plate respectively. (c) and (f) show 
plants of T. erecta and G. glabra respectively in the in situ system growing in 
hycotrays. 
2.3.6 Optimization of extraction protocol  
For optimization of the extraction protocol germplasms were randomly selected 
from those growing in the in situ system. In W. somnifera, the plant was 
harvested and 50 leaves were separated from the plant. Leaves were then washed 
in running water and dried on blotting paper. The dried leaves were then wrapped 
in blotting paper and any remaining moisture was removed by drying in a hot air 
oven at 30 °C. After one week the DW of the aerial parts and roots was recorded 
as described previously. Dried leaves were then ground to a powder using a 
mortar and pestle and a 50 mg subsample was taken and used in each of three 
replicates. Leaf subsamples were extracted using a range of methanol 
(Analytical Grade, Merck, Mumbai, India) in distilled water in ratios of v/v 
a 
f e d 
c b 
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0:100, 20:80, 40:60, 60:40, 80:20 and 100:0. Grinding, sonication, and a 
combination of grinding and sonication of the powered sample in extraction 
solvents were used as the three different extraction platforms. In the grinding 
method, 10 mL of each extraction solvent ratio was added to the mortar prior to 
grinding. Ground samples were then placed in 30 mL centrifuge tubes and 
subjected to centrifugation (Heraeus Biofuge Stratos, Thermo Scientific) at 
10,000 rpm at 25 °C for 5 min. Supernatant was collected and the pellet was 
resuspended in 10 mL of solvent. The resuspension step was repeated three times 
and all the supernatants were pooled.  
In the sonication method, a waterbath sonicator (B3510E-DTH, Branson, 
Danbury, Connecticut, United States) with an operating frequency of 42 KHz was 
used with the cleaning tray removed. The position of highest sonication within 
the waterbath was identified using aluminum foil (100 × 50 mm) placed within 
the sonicator at different positions. Powdered sample was placed in a 50 mL glass 
test tube and 10 mL of each extraction solvent ratio was added and sonicated for 
15 min at 25 °C. Sample tubes were suspended into the sonicator at a distance of 
4 cm from the base. The temperature of the waterbath was maintained at 25 °C 
using crushed ice. Sonicated samples were centrifuged at 10,000 rpm at 25 °C for 
5 min. The supernatant was collected and pellet was resuspended in 10 mL of the 
solvent. This final step was repeated three times and all the supernatants were 
pooled.              
In the combination method, both the above methods were used. To each sample 
in the mortar 10 mL of extraction solvent ratio was added and the sample ground. 
The extract obtained was then sonicated for 15 min at 25 °C with sample as 
Chapter 2 Germplasm screening 
 
40 
 
described previously, followed with centrifugation of extracts and subsequent 
pooling of supernatants. For removal of pigments and fatty acids from leaves 
pooled supernatants for each of the three methods were subjected to three rounds 
of liquid-liquid partitioning in 10 mL of Hexane (Analytical Grade, Merck, 
Mumbai, India) using a 100 mL separating funnel (Borosil, New Delhi, India). 
The methanol phase was collected, pooled and subjected to liquid-liquid 
partitioning with 10 mL of chloroform (Analytical Grade, Merck, Mumbai, India) 
to partition WA into the chloroform layer. The pooled chloroform phase was 
evaporated to dryness using a rotary evaporator (Rotavapor, CH-9230, Buchi, 
Flawil, Switzerland). Dried extract was resuspended in 2 mL of 100% methanol 
(HPLC Grade, Merck, Mumbai, India) which was then filtered (0.22 μm 
Millipore,  Merck, Mumbai, India) before subjecting to HPLC analysis.  
For protocol optimization of T. erecta, and G. glabra only roots were used. The 
protocol was the same as for W. somnifera except for different concentrations of 
water-ethanol ratios instead of water-methanol. For liquid-liquid partitioning, 
hexane and tertbutyl methyl ether (1: 1) was used for T. erecta. There was no 
partioning step for G. glabra and the pooled phase after sonication was made to a 
final volume with ethanol which was filtered and analyzed.  
2.3.7 Sample preparation and HPLC analysis  
Leaves and roots from W. somnifera at the early flowering stage for both the in 
vitro and the in situ system were extracted using a combination extraction method 
with methanol : water (60:40) as the extraction solvent but skipping the hexane 
liquid-liquid partioning step for roots due to the absence of pigmentation. 50 mg 
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of leaves and roots were used for extraction and samples were prepared from 
three plants of each germplasm in replicates of three. All extracts prepared were 
analyzed using HPLC. 
Prior to HPLC analysis of extracts a calibration curve for WA standard (Sigma, 
USA) was made using 10, 20, 30, 40, 50 and 60 μg/g of WA. Peak areas were 
plotted against the corresponding concentration. The calibration curve showed a 
high coefficient of determination (r2 = 0.9989) by linear equation of y = 23462x + 
31.667. HPLC–PDA of the filtered extract was carried out on a Shimadzu, CBM-
20A, with a C18 Phenomenex column (Gemini®250 x 4.6mm, 5μm) and mobile 
phase of water (HPLC Grade, Merck, Mumbai, India) containing solvent A as 
0.1% acetic acid (HPLC Grade, Merck, Mumbai, India) and solvent B as 
methanol (HPLC Grade, Merck, Mumbai, India) containing 0.1% acetic acid 
(HPLC Grade, Merck, Mumbai, India). Gradient programming of the solvent 
system was performed at 27 °C, first at 40% B changed to 60% B at 15 min, 
maintained for the next 2.0 min, changed to 75% B at 30 min and then to 95% B 
at 39 min and then to 100% B at 40 min. The solvent composition was 
maintained until the run time reached 45 min. The flow rate of 1.0 mL/min was 
kept throughout the program. All the gradient segments were linear. The 
wavelength scan range of the PDA was set to 190 – 350 nm.  Chromatograms 
were recorded at 227 nm. WA quantification was performed using the peak area 
of the sample chromatogram in the regression equation of the WA standard 
calibration curve. 
All extracts of T. erecta were analyzed using HPLC. A calibration curve for α-
Terthienyl (α-T) standard, purchased from Sigma, Bangaluru, Karnataka, India 
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was made using 20, 40, 60, 80, and 100 μg/g of α-Terthienyl. The calibration 
curve showed a coefficient of determination, r2 = 0.9941 by linear equation of y = 
97758x. Peak areas were plotted against the corresponding concentration. For 
thiophenes separation the mobile phase was 72% acetonitrile run isocratically at 
25 °C for 25 min with the flow rate of 1.0 mL/min. Chromatograms were 
recorded at a wavelength of 330 nm.  
All extracts of G. glabra were analyzed using HPLC. The standards Glycyrrhizic 
acid ammonium salt from glycyrrhiza root (GLY) was purchased from Sigma, 
Bangaluru, Karnataka, India and glabridin (GLA) was purchased from Natural 
Remedies, Bangaluru, Karnataka, India. The calibration curve showed a 
coefficient of determination, r2 = 0.9843 by linear equation of y = 10057x for 
GLY and coefficient of determination, r2 = 0.991 by linear equation of y = 
22338x for GLA. The method for T. erecta was followed except for using 
Glycyrrhizic acid (GLY) and Glabridin (GLA) as the standard and the mobile 
phase was methanol : water : acetic acid (60:34:6) run isocratically 25 °C for 20 
min with the flow rate of 1.0 mL/min. Chromatograms were recorded at a 
wavelength of 252 nm for GLY and 280nm for GLA. 
  
2.3.8 Statistical analysis 
All data was analysed using a commercial software package (SPSS Statistics 21, 
IBM). One way analysis of variance (ANOVA) was used to determine WA 
concentration in different germplasms. Statistical significance was determined at 
the p < 0.05 level using the Tukey post-hoc test. 
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2.4 Results 
2.4.1 Optimization of extraction protocol 
The extraction protocol that used the combination of grinding followed with 
sonication resulted in the highest metabolite concentration extracted in all three 
species (Table 2.1). Among the different protocols, methanol used for W. 
somnifera at 60% and ethanol used  for T. erecta and G. glabra at 60%  produced 
maximum extraction efficiency with the combination extraction protocol yielding 
the highest levels of WA (12.39 ± 0.13 mg/g DW), α-Terthienyl (0.08 ± 0.49 
mg/g DW) and Glycyrrhizic acid (42.46 ± 0.22  mg/g DW) respectively.  
In W. somnifera extraction, it was observed that methanol at 20% (4.13 ± 0.10 to 
9.96 ± 0.32 mg/g DW) and 40% (3.94 ± 0.29 to 10.71 ± 0.27 mg/g DW) 
produced more WA than methanol at 80% (2.66 ± 0.65 to 4. 84 ± 0.99 mg/g 
DW). Extraction using 100% methanol resulted in the lowest yields of WA. 
Water-based extraction alone yielded 7.33 ± 0.17 to 7.86 ± 0.36 mg/g DW. Using 
the grinding, sonication and combination extraction protocols with 60% methanol 
9.15 ± 0.14, 11.37 ± 0.11 and 12.39 ± 0.13 mg/g DW of WA were produced 
respectively, with the combination extraction protocol yield found to be 
statistically significant.   
It was observed that the concentration produced of WA in combination (grinding 
followed with sonication) and sonication (alone) methods were not statistically 
different for 20%, 40% and 80% methanol. Also similar concentrations were 
observed when extraction was performed using water as a control for extraction 
in both the methods. However, an increase in concentration of WA was observed 
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in 60% methanol: water when the combination method was used as compared to 
the sonication method. 
In T. erecta extraction, it was observed that ethanol at 80% produced more α-T 
(0.04 ± 0.54 to 0.07 ± 0.38 mg/g DW) than ethanol at 40% (0.03 ± 0.10 to 0.06 ± 
0.24 mg/g DW). Extraction using 100% ethanol resulted in α-T in the range of 
0.04 ± 0.43 to 0.06 ± 0.47 mg/g DW. α-Terthienyl was not detected with water-
based extraction and extraction with 20% ethanol. Using the grinding, sonication 
and combination extraction protocols with 60% ethanol 0.06 ± 0.10, 0.07 ± 0.38 
and 0.08 ± 0.49 mg/g DW of α-T were produced respectively, with the 
combination extraction protocol yield found to be statistically significant. It was 
observed that the concentration of α-T with extraction ratios above 50% ethanol 
were better for extraction. 
In G. glabra extraction, it was observed that ethanol at 20% (33.35 ± 0.54 to 
35.67 ± 0.29 mg/g DW) and 40% (33.66 ± 0.92 to 37.21 ± 0.29 mg/g DW) 
produced more GLY than ethanol at 80% (31.70 ± 0.19 to 34.97 ± 0.28 mg/g 
DW). Extraction using 100% ethanol resulted in the lowest yields of GLY. 
Water-based extraction alone yielded 31.57 ± 1.32 to 35.72 ± 0.17 mg/g DW. 
Using the grinding, sonication and combination extraction protocols with 60% 
methanol 34.73 ± 0.11, 40.03 ± 0.41 and 42.46 ± 0.22 mg/g DW of GLY were 
produced respectively, with the combination extraction protocol yield found to be 
statistically significant. It was observed that the concentration of GLY in 
combination (grinding followed with sonication) and sonication (alone) methods 
produced were not statistically significant for 20%, 40% and 80% methanol 
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quantities were used. However, an increase in concentration of GLY was 
observed in 60% ethanol: water when the combination method was used. 
In all the extraction platforms used with different methanol and ethanol water 
ratios, 60% solvent showed the highest concentration yield when grinding and 
sonication methods were used in combination and was thus used for extraction of 
all subsequent experimental samples.  
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Table 2.1  Withaferin A, α-Terthienyl and Glycyrrhic acid concentration (mg/g) 
DW in W. somnifera, T. erecta and G. glabra germplasms in the in situ system 
using different extraction methodologies.  
Treatments  
(%)    
                                   
Grinding              
(mg/g) DW 
Sonication             
(mg/g) DW 
Combination      
(mg/g) DW 
Withania somnifera 
Control (Water) 7.33 ± 0.17 b 7.66 ± 0.23 c 7.86 ± 0.36 d 
20 (Methanol) 4.13 ± 0.10 c 9.85 ± 0.34 b 9.96 ± 0.32 c 
40 (Methanol) 3.94 ± 0.29 c 10.63 ± 0.27 ab 10.71 ± 0.27 b 
60 (Methanol) 9.15 ± 0.14 a 11.37 ± 0.11 a 12.39 ± 0.13 a 
80 (Methanol) 2.66 ± 0.65 d 4.03 ± 0.95 d 4.84 ± 0.99 e 
100 (Methanol) 0.58 ± 0.71 e 0.552 ± 0.33 e 01.04 ± 0.22 f 
Tagetes erecta 
Control (Water) ND ND ND 
20 (Ethanol) ND ND ND 
40 (Ethanol) 0.03 ± 0.10 d 0.05 ± 0.25 c 0.06 ± 0.24 c 
60 (Ethanol) 0.06 ± 0.10 a 0.07 ± 0.38 a 0.08 ± 0.49 a 
80 (Ethanol) 0.05 ± 0.54 b 0.06 ± 0.23 b 0.07 ± 0.38 b 
100 (Ethanol) 0.04 ± 0.43 c 0.06 ± 0.24 b 0.06 ± 0.47 c 
Glycyrrhiza glabra 
Control (Water) 31.57 ± 1.32 a 34.62 ± 0.49 bc 35.72 ± 0.17 c 
20 (Ethanol) 33.35 ± 0.54 a 34.56 ± 0.17 bc 35.67 ± 0.29 c 
40 (Ethanol) 33.66 ± 0.92 a 35.45 ± 0.49 b 37.21 ± 0.29 b 
60 (Ethanol) 34.73 ± 0.11 a 40.03 ± 0.41 a 42.46 ± 0.22 a 
80 (Ethanol) 31.70 ± 0.19 a 33.46 ± 0.59 c 34.97 ± 0.28 c 
100 (Ethanol) 9.47 ± 0.15 b 10.22 ± 0.08 d 11.11 ± 0.18 d 
Concentrations with same letters are not statistically different. ND = not detected. 
Data reported as mean ± SE for 3 samples 
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2.4.2 Establishment, growth and metabolite concentration in the 
in vitro and the in situ systems  
2.4.2.1 Withania somnifera 
In the in vitro system conditions (Fig. 2.7a and b), plants were healthy with the 
typical alternate leaves of two distinct shapes depending on the germplasm source 
analysis of the morphological parameters at the time of harvest (Table 2.2). 
Withania somnifera germplasms 1, 2, 3, 9 and 10 had an obovate (Fig. 2.7c) leaf 
shape and these germplasms had early flower bud initiation between 62.67 ± 1.45 
to 72.00 ± 1.53 days. The shape of the leaves was ovate (Fig. 2.7d) in W. 
somnifera germplasms 4, 5, 6, 7, 8 and 11 and with flower bud initiation 
observed between 123.70 ± 1.45 and 142.70 ± 1.20 days. Plant height was 
observed to be highest in W. somnifera 2 (10.33 ± 0.12 cm) and lowest in W. 
somnifera 5 (6.93 ± 0.19 cm) and dry weight was highest in germplasms 2, 5 and 
9 (0.25 g) and the lowest in W. somnifera 4 (0.20 ± 0.12 g), but the differences in 
dry weight among the germplasms were not statistically significant.  
In the in situ system (Fig. 2.7e and f) plant height (Table 2.2) was highest in W. 
somnifera 10 (35.00 ± 0.15 cm) with the lowest observed in W. somnifera 5 (7.00 
± 0.58 cm) while dry weight was highest in W. somnifera 10 (0.37 ± 0.27 g) 
followed by W. somnifera 1 and 3 (0.35 g). However, there was no significant 
difference observed in their dry weight. W. somnifera germplasm with the lowest 
dry weight was 6 (0.11 ± 0.19 g). Flower bud initiation was observed in two time 
frames. In germplasms showing obovate type leaf shape (58.33 ± 0.88 to 68.33 ± 
1.67 days), flower bud initiation occurred earlier to germplasms with ovate type 
leaf shape (120.00 ± 0.58 to 139 ± 0.88 days).  
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Table 2.2 Growth parameters of W. somnifera germplasms in the in vitro and in 
situ systems.  
Germplasms Height 
(cm) 
Dry weight 
(g) 
Flower bud 
initiation (Days) 
Leaf shape 
Withania somnifera (in vitro) 
WS1 8.53 ± 0.35 bc 0.22 ± 0.11 a 62.67 ± 1.45 Obovate 
WS2 10.33 ± 0.12 a 0.25 ± 0.25 a 71.67 ± 1.67 Obovate 
WS3 7.66 ± 0.24 cde 0.24 ± 0.21 a 64.00 ± 2.08 Obovate 
WS4 7.50 ± 0.26 de 0.20 ± 0.12 a 125.70 ± 1.20 Ovate 
WS5 6.93 ± 0.19 e 0.25 ± 0.15 a 125.00 ± 2.52 Ovate 
WS6 8.13 ± 0.13 bcd 0.22 ± 0.65 a 142.00 ± 1.00 Ovate 
WS7 7.10 ± 0.10 e 0.21 ± 0.22 a 142.70 ± 1.20 Ovate 
WS8 8.40 ± 0.21 bcd 0.24 ± 0.32 a 135.00 ± 2.52 Ovate 
WS9 8.50 ± 0.21 bc 0.25 ± 0.13 a 72.00 ± 1.53 Obovate 
WS10 7.46 ± 0.18 de 0.21 ± 0.11 a 63.33 ± 1.86 Obovate 
WS11 8.93 ± 0.37 b 0.23 ± 0.29 a 123.70 ± 1.45 Ovate 
Withania somnifera (in situ) 
WS1 33.67 ± 0.33 ab 0.35 ± 0.28 a 60.67 ± 0.67 Obovate 
WS2 30.67 ± 0.33 c 0.26 ± 0.14 abc 68.00 ± 1.53 Obovate 
WS3 20.67 ± 0.88 d 0.35 ± 0.11 a 58.33 ± 0.88 Obovate 
WS4 9.00 ± 0.58 g 0.12 ± 0.12 bc 122.00 ± 1.53 Ovate 
WS5 7.00 ± 0.58 g 0.18 ± 0.66 abc 120.00 ± 0.21 Ovate 
WS6 7.00 ± 0.11 g 0.11 ± 0.19 c 139.70 ± 0.88 Ovate 
WS7 12.33 ± 0.67 f 0.13 ± 0.22 bc 132.70 ± 1.20 Ovate 
WS8 22.67 ± 0.33 d 0.32 ± 0.16 ab 133.00 ± 2.08 Ovate 
WS9 31.33 ± 0.33 bc 0.32 ± 0.44 ab 68.33 ± 1.67 Obovate 
WS10 35.00 ± 0.15 a 0.37 ± 0.27 a 60.33 ± 0.88 Obovate 
WS11 17.33 ± 0.67 e 0.20 ± 0.33 abc 120.00 ± 0.58 Ovate 
Values with same letters are not statistically different. Data reported as mean ± 
SE for 3 samples 
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HPLC was utilized with WA standards in order to confirm the concentration of 
WA within each sample set (Fig. 2.9). In the in vitro system the concentration of 
WA in leaves was between 0.26 ± 0.72 mg/g and 7.37 ± 1.69 mg/g DW while 
roots yielded between 0.01 ± 0.43 mg/g and 0.27 ± 0.22 mg/g DW (Table 2.3). 
The highest concentration was found in leaves of germplasms W. somnifera 1, 2 
and 10 with the lowest level in W. somnifera 5. In roots, the germplasm that 
produced the highest in leaves also produced the highest in roots with the 
exception of W. somnifera 11 which produced 0.21 ± 0.43 mg/g DW. The lowest 
concentration of WA was found in roots of W. somnifera 4 and 5 (0.01 ± 0.43 and 
0.01 ± 0.11 mg/g DW respectively). 
Germplasm W. somnifera 10 was the highest yielding germplasm in the in situ 
system with 41.42 ± 0.19 mg/g DW in leaves followed by W. somnifera 1 and W. 
somnifera 2 which yielded 35.50 ± 2.96 mg/g and 35.71 ± 1.99 mg/g DW 
respectively (Table 2.3). Concentrations in roots were however the highest in 
roots of W. somnifera germplasm 2 (0.60 ± 0.11 mg/g DW) followed by W. 
somnifera 1 (0.52 ± 0.73 mg/g DW) and the lowest in W. somnifera 5 (0.01 ± 
0.65 mg/g DW). WA in roots of W. somnifera 10 and 11 were in the range of 
0.20 ± 0.81 to 0.26 ± 0.33 mg/g DW. The experiment conducted in the in situ 
system was found to follow almost the same trend as in the in vitro system with 
respect to leaf shape, time taken for flower bud initiation and WA concentration.  
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Figure 2.9  HPLC Chromatograms of leaf and root extracts. WA is detected at 
24th min. a) and b) chromatograms are extracts of leaves and roots from the in 
vitro system, respectively. c) and d) chromatograms are extracts of leaves and 
roots from the in situ system, respectively. AU in y-axis label represents arbitrary 
units. 
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Table 2.3  WA concentration (mg/g) DW in leaves and roots of different 
germplasms in the in vitro and in situ system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Concentrations with the same letters are not statistically different. Data reported as 
mean ± SE for 3 samples 
 
 
 
Germplasms Leaves 
 (mg/g) DW 
Roots 
 (mg/g) DW 
WA  in Withania somnifera (in vitro) 
WS1 7.15 ± 0.76 a 0.24 ± 0.51 a 
WS2 7.37 ± 1.69 a 0.27 ± 0.22 a 
WS3 6.04 ± 0.47 ab 0.09 ± 0.41 b 
WS4 0.48 ± 0.95 c 0.01 ± 0.43 d 
WS5 0.26 ± 0.72 c 0.01 ± 0.11 d 
WS6 0.83 ± 0.53 c 0.02 ± 0.45 cd 
WS7 0.90 ± 0.73 c 0.08 ± 0.81 bc 
WS8 5.10 ± 0.49 ab 0.14 ± 0.71 b 
WS9 4.96 ± 0.20 ab 0.13 ± 0.15 b 
WS10 7.17 ± 0.56 a 0.23 ± 0.81 a 
WS11 3.06 ± 0.19 bc 0.21 ± 0.43 a 
WA  in Withania somnifera (in situ) 
WS1 35.50 ± 2.96 ab 0.52 ± 0.73 ab 
WS2 35.71 ± 1.99 ab 0.60 ± 0.11 a 
WS3 29.08 ± 1.85 bc 0.25 ± 0.67 c 
WS4 10.03 ± 1.30 e 0.09 ± 0.41 d 
WS5 8.05 ± 0.25 e 0.01 ± 0.65 d 
WS6 12.50 ± 1.23 de 0.07 ± 0.71 d 
WS7 9.88 ± 0.98 e 0.25 ± 0.56 c 
WS8 29.04 ± 3.24 bc 0.44 ± 0.83 b 
WS9 22.33 ± 0.56 c 0.29 ± 0.23 c 
WS10 41.42 ± 0.19 a 0.20 ± 0.81 c 
WS11 20.37 ± 1.54 cd 0.26 ± 0.33 c 
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2.4.2.2 Tagetes erecta 
In the in vitro system conditions, plants were healthy at the time of harvest. The 
plant height was lowest in TE3 (4.85 ± 0.15 cm). The height in germplasms of 
TE1, 5, 6, 9 and 10 was in the range of 6.00 ± 0.24 - 6.30 ± 0.32 cm and were 
statistically not significant (Table 2.4). The plant dry weight was observed 
highest in TE3 (302.30 ± 1.50 mg) and lowest in germplasms 7, 8, 9 and 10 in the 
range from 185.55 ± 1.55 to 197.10 ± 1.90 mg. In in situ system conditions plant 
height was highest in TE6 (17.55 ± 2.35 cm) and lowest in TE3 9.10 ± 0.40 cm. 
In germplasms 5, 8, 9 the plant height was in the range of 15.4 ± 0.41 to 17.3 ± 
0.35 cm and was statistically not significant. Dry weight in the plants was 
observed with highest in TE 1 (270.80 ± 0.25 mg) and lowest in TE8 (227.20 ± 
2.20 mg). There was no statistical significance observed in germplasms TE7 
(234.65 ± 0.95 mg) and TE10 (230.95 ± 1.35 mg). 
HPLC was utilized with α-T standards in order to confirm the concentration of 
WA within each sample set (Fig. 2.10). α-Terthienyl (α-T) was present in roots of 
all germplasms. In the in vitro system the metabolite was produced to the highest 
concentration in TE1 and TE2 (0.03 ± 0.47 and 0.03 ± 0.21 mg/g DW 
respectively) followed by TE3 (0.02 ± 0.13). There was no significant difference 
between the α-T concentration in TE 5, 6, 7, 8, 9 and 10 which were in the range 
of 0.01 ± 0.51 to 0.01 ± 0.12 mg/g DW (Table 2.4). 
In the in situ system, the highest α-T concentration was observed TE1 in 0.03 ± 
0.23 mg/g DW followed with TE2 and TE3 (0.02 ± 0.11 and 0.02 ± 0.86 mg/g 
DW respectively). There was no significant difference among the concentration 
of α-T in germplasms TE 4, 5, 6, 7, 8, 9 and 10. Almost the same trend of 
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metabolite concentration was observed in TE germplasms in both systems (Table 
2.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10  HPLC Chromatogram of root extracts of Tagetes erecta. α-
Terthienyl is detected at 19.6 min. (a) and (b) chromatograms are extracts of roots 
from the in vitro and in situ system, respectively. AU in y-axis label represents 
arbitrary units. 
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Table 2.4 Growth parameters and α-Terthienyl concentration (mg/g) DW of T. 
erecta germplasms in the in vitro and in situ system. 
 
Values with the same letters are not statistically different. Data reported as mean 
± SE for 3 samples 
 
 
 
 
 
 
Germplasms α-Terthienyl  in 
Roots  (mg/g) 
DW 
Height 
(cm) 
Dry weight 
(mg) 
Tagetes erecta (in vitro) 
TE1 0.03 ± 0.47 a 6.10 ± 0.10 a    206.65 ± 2.45 bc 
TE2 0.03 ± 0.21 a 5.25 ± 0.25 ab 203.60 ± 2.75 bc 
TE3 0.02 ± 0.13 ab 4.85 ± 0.15 b 302.30 ±1.50 a 
TE4 0.01 ± 0.26 bc 5.80 ± 0.11 ab 286.10 ± 1.70 ab 
TE5 0.01 ± 0.11 bc 6.30 ± 0.32 a 230.15 ± 0.75 abc 
TE6 0.01 ± 0.39 bc 6.00 ± 0.24 a 212.45 ± 1.25 bc 
TE7 0.01 ± 0.41 bc 5.60 ± 0.20 ab 194.40± 8.70 c 
TE8 0.01 ± 0.12 bc 5.40 ± 0.30 ab 185.55 ± 1.55 c 
TE9 0.01 ± 0.22 bc 6.25 ± 0.15 a 186.80 ± 1.20 c 
TE10 0.01 ± 0.51 bc 6.05 ± 0.15 a 197.10 ± 1.90 c 
Tagetes erecta (in situ) 
TE1 0.03 ± 0.23 a 10.35 ± 0.35 bcd 270.80 ± 0.25 a 
TE2 0.02 ± 0.11 ab 12.40 ± 0.41 cd 261.25 ± 0.55 ab 
TE3 0.02 ± 0.86 ab 9.10 ± 0.40 d 242.50 ± 3.21 cde 
TE4 0.01 ± 0.32 cd 13.20 ± 0.48 abcd 244.80 ± 0.28 cd 
TE5 0.01 ± 0.29 cd 16.75 ± 1.05 ab 252.65 ± 1.65 bc 
TE6 0.01 ± 0.14 cd 17.55 ± 2.35 a 240.95 ± 2.64 cdef 
TE7 0.01 ± 0.24 cd 14.45 ± 0.45 abc 234.65 ± 0.95 def 
TE8 0.01 ± 0.32 cd 15.40 ± 0.41 ab 227.20 ± 2.20 f 
TE9 0.01 ± 0.11 d 17.30 ± 0.35 ab 229.50 ± 0.16 ef 
TE10 0.01 ± 0.31 cd 15.05 ± 0.14 abc 230.95 ± 1.35 def 
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2.4.2.3 Glycyrrhiza glabra 
In the two systems (Table 2.5) used to study G. glabra growth and metabolite 
production, it was observed that plant height was 30.65 ± 2.85 and 6.83 ± 0.44 
cm with plant dry weight 525.00 ± 2.48 mg/g DW and 143.33 ± 4.31 mg/g DW. 
The number of nodes, length of internodes and the number of branches in the in 
vitro system was higher than the in situ system. Both root and rhizome was 
observed in in vitro system as compared to the in situ system where only root was 
observed at the three month incubation time. HPLC was utilized with GLY and 
GLA standards in order to confirm the presence and concentration of WA within 
each sample set (Fig. 2.11 and 2.12).  GLY and GLA was found in roots and 
rhizomes of the in vitro system with roots and rhizomes producing 4.79 ± 1.20 
and 2.27 ± 1.23 mg/g DW of GLY respectively and rhizome producing 26.89 ± 
1.53 and 15.07 ± 2.49 mg/g DW GLA respectively. In the in situ system the 
concentration of both GLY and GLA concentration in roots was less than the in 
vitro system.  
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Figure 2.11 HPLC chromatogram of root extracts of Glycyrrhiza glabra. 
Glycyrrhizic acid (GLY) is detected at 252 nm (red line) and Glabridin (GLA) is 
detected at 15th min. at 280 nm (blue line) in in situ system, respectively. AU in 
y-axis label represents arbitrary units. 
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Figure 2.12  HPLC Chromatogram of root extracts of Glycyrrhiza glabra. 
Glycyrrhizic acid (GLY) is detected at 252 nm (blue line) and Glabridin (GLA) at 
280 nm (red line). (a) and (b) chromatograms are extracts of roots and rhizome in 
the in vitro system respectively. AU in y-axis label represents arbitrary units. 
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Table 2.5 Morphometric parameters and Glycyrrhizic acid and Glabridin concentration (mg/g) DW of Glycyrrhiza glabra 
germplasms in the in vitro and in situ system.  
 
 
Values with same letters are not statistically different. Data reported as mean ± SE. 
Growth 
systems 
Glycyrrhizic 
acid in roots 
 (mg/g) DW 
Glabradin 
in roots 
 (mg/g) 
DW 
Glycyrrhizic 
acid in 
rhizome 
 (mg/g) DW 
Glabradin 
in rhizome 
 (mg/g) DW 
Height 
(cm) 
Dry 
weight 
(mg) 
Number 
of  
nodes 
Length of 
internode 
(cm) 
Number 
of 
 branches 
In vitro 
system 
4.79 ± 
1.20 
26.89 ± 
 1.53 
2.27 ±  
1.23 
15.07 ± 
 2.49 
30.65 ± 
2.85 
525.00 ± 
2.48 
10.67 ± 
0.33 
4.13 ±  
0.07 
10.0 ±  
0.58 
In situ 
system 
0.95 ±  
0.50 
1.63 ± 
 0.88 
ND ND 6.83 ±  
0.44 
143.33 ± 
4.31 
8.67 ± 
 0.33 
1.50 ±  
0.05 
0.67 ±  
0.33 
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2.5 Discussion 
The modified in vitro whole plant system proposed in the study proved to be 
successful and was tested positive for growth and metabolite production in three 
plants, Withania somnifera, Tagetes erecta and Glycyrrhiza glabra. The positive 
results in all three species confirmed the reproducibility of the in vitro system. 
Contamination free growth of plants in controlled environment, easy non-
destructive monitoring and sampling are the advantages of this system over 
conventional in situ systems. 
The species examined in the present study are those with a rich repository of 
compounds that are medicinal and biocidal activities. Roots and leaves of W. 
somnifera were found to be contain high levels of withanolides and roots and 
rhizomes of G. glabra are potential sources of glycyrrhizic acid and glabridin and 
both the plants have been prescribed in traditional system of medicine (Kaileh et 
al., 2007a; The  Ayurvedic Pharmacopoeia of India, 2001). Various studies on the 
phytochemical analysis of the plants have been reported (Ramesh Kumar et al. 
2011; Ramesh Kumar et al. 2012; Hong et al., 2009). T. erecta was chosen for the 
study due to its biocidal activity. Thiophenes present in roots exibit biocidal 
properties (Marotti et al., 2010) along with various medicinal properties. The 
plant roots are not studied extensively and thus in my corresponding chapters 
various thiophene production approaches and an insight on its medicinal aspect is 
investigated. In the current study, germplasms were analyzed on the basis of their 
morphological and biochemical characteristics with WA (W. somnifera), α-T (T. 
erecta), GLY and GLA (G. glabra) as the candidate molecule in the in vitro and 
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in situ systems. It has also been shown that germplasms have differences in their 
various growth parameters and metabolite concentrations.           
To address the question of optimum yield, an easy, fast and efficient extraction 
platform has been developed by combining extraction methodologies. Sonication 
mediated extraction of dried samples and microwave-assisted extraction of 
powdered samples using different solvents had previously been used (for 
example, Sharma et al.  2007b; Mirzajani et al. 2010) but a combination of 
extraction techniques with respect to varying methanol and ethanol 
concentrations has not been tested. Here, grinding of tissues followed by 
sonication extraction was found to be an effective and straight forward approach 
for extraction. Grinding of plant material using a mortar and pestle is one of the 
traditional methods that have been followed for the disruption of cells. Common 
extraction methods such as extraction of WA in a ground sample followed by  
percolation in solvents (Dhar et al. 2006; Scartezzini et al 2007; Kumar et al. 
2011) for many hours is often not suitable with time and physical efforts. 
Grinding a sample in solvent at a specific concentration followed with sonication 
which disrupts cells has been found to be a fast an efficient method.   
Variation in WA concentration in the different germplasms of W. somnifera 
collected and grown has been observed in our study. Concentration of WA in 
leaves from the in vitro system was 12-fold higher in the maximum WA 
producing germplasm than that previously reported (Dewir et al. 2010) and two-
fold less in the lowest producing germplasm in the same report. Similarly, the 
concentration of WA in roots as found by Dewir et al. (2010) in the in vitro 
grown plants was similar in the lowest producing and 20 times higher in the 
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highest producing germplasms. The observed increase in metabolite content in 
leaves may be due to environmental variation in the original cultivated regions of 
the plants (seeds used were from the plants grown in the various regions), the 
differences in growth systems being used and the true to type condition of the 
aerial plant parts being exposed to air and light. Other than whole plants, callus 
cultures grown in MS media have been shown to produce 0.10 mg/g in control 
and 3.88 mg/g DW when phytohormones and elicitors were used in the media 
(Sivanandhan et al. 2013). In the in vitro system used in our study, the WA 
concentration was 7.64 mg/g DW in the highest producing germplasms.  
The concentration of WA was found to be higher in the in situ system as 
compared to the in vitro system, which was likely due to nutrient and moisture 
limitations in the latter system. Replenishment of nutrient and moisture may 
provide increased concentrations of WA in the in vitro system. An interesting 
aspect of the in situ system was the increased concentration of WA in comparison 
with other published reports. The concentration of WA in cultivated leaves and 
roots as reported by Kumar et al. (2011) was respectively 8.20 mg/g and 0.18 
mg/g DW. Similarly, WA concentration growing in wild and cultivated W. 
somnifera leaves as in earlier reports fall in the range between 5 to 13 mg/g DW 
for the whole plant (Dhar et al. 2006; Kumar et al. 2007; Kumar et al. 2011). The 
concentration in leaves in the highest producing germplasms in our in situ system 
was 2 - 3 fold higher in the highest WA producing germplasms and in the same 
range in the low producing germplasms. In roots, similar concentrations were 
found in the lowest yielding germplasm and a ten-fold increase in the highest 
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producing germplasms (Dewir et al. 2010). The higher yield may be due to the in 
situ system being used with the combined extraction methodology.        
 
In T. erecta variations in α-T concentration was found between germplasms but 
tere was similarity in α-T concentration found in both in vitro and in situ systems. 
It was also found that the media in the Petri plate was consumed very fast and the 
plant was very healthy. This shows that the in vitro system was rather a very well 
supporting environment for the plant. Also the concentration of α-T reported 
earlier in other Tagetes species are in accordance and in some cases less than two 
fold as compared with our studies (Benavides and Caso, 1993; Poli et al., 1992).  
In G. glabra, due to restricted seed set and low viability of seeds (CIMAP 
Newsletter, 1995), the cutting collected was micropropagated and was thus then 
used to initially start the experiments for both in vitro and in situ systems. It was 
observed that the hycotray unit used for W. somnifera and T. erecta was not 
suitable as the plant normal growth was suppressed as compared to when grown 
in a pot. Thus, the experiment was performed in pots. In the in vitro system the 
plant grew healthily and it was observed to have rhizome and root whereas 
rhizome was not seen in the in situ system.  GLY and GLA concentration in in 
vitro system was also higher than the in situ system. The concentration of GLA in 
rhizome as reported by Raja, was in accordance with that produced in the in vitro 
system (Raja et al., 2010). GLA and GLY concentrations were observed to be 
higher in roots and rhizomes of both the in vitro and in situ system as compared 
with other reports (Gupta et al., 2013; Sawaengsak et al., 2011; Tian et al., 2008). 
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Thus in the current study, all three species were examined with the proposed in 
vitro system indicating the reproducibility and the potential of the system for 
screening of traits in germplasms.  
2.6 Conclusion 
In summary, the newly developed in vitro system used here was found to be very 
useful for studying various parameters of plant grown under controlled 
conditions. The in vitro system described opens the way for a new approach for 
phytochemical screening and provides an efficient system for molecular and 
enzymatic studies. The system reduces the effort required for wide-scale manual 
harvesting, removal of soil or other substrates, reduces the chance of microbial 
contamination and provides an enhanced production of useful secondary 
metabolites in comparison with other published methods. 
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Chapter 3 : Establishment of Agrobacterium rhizogenes-
transformed hairy root cultures in Withania somnifera, 
Tagetes erecta, and Glycyrrhiza glabra and quantification 
of secondary metabolites  
3.1 Abstract 
Hairy root cultures developed using Agrobacterium rhizogenes, a soil bacterium, 
are a significant source of secondary metabolites. Hairy roots were successfully 
induced in Withania somnifera, Tagetes erecta and Glycyrrhiza glabra for study 
of production of biomass and secondary metabolites at different time points. 
Different bacterial strains were used for hairy root induction but it was A. 
rhizogenes strain A4 in W. somnifera and T. erecta and strain 15834 in G. glabra 
which showed successful transformation with leaves as explants. Withanolides in 
W. somnifera, α-T (α-Terthienyl) in T. erecta and glycyrrhizic acid and glabridin 
in G. glabra were detected in hairy root cultures. The highest secondary 
metabolite concentration was found in 4 week old cultures but had then declined 
by the 8th and 12th week. In 4 week old cultures, the biomass of WS 2 and WS 10 
hairy root was 4.5 fold higher than their respective control roots. Withaferin A 
produced was 28 - 34 times higher in hairy roots compared to that found in 
control roots for both germplasms. Similarly, in T. erecta, the biomass and α-T 
production in the hairy roots was 1.95, 2.76 and 1.8 fold and 7.26, 6.93 and 11.40 
fold higher than control roots in TE1, 2 and 3 respectively. The work presented in 
W. somnifera, to the best of my knowledge is the first report where withanolide 
B, 12-deoxy withastramonolide, withanoside V, withanoside IV have been 
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analysed. It is also the first report of the response of the performance on a 
minimal semi-solid media of cultured hairy roots of W. somnifera and T. erecta. 
3.2 Introduction 
Plant derived secondary metabolites are an important source of various 
formulations in medicinal, industrial and agricultural products. There is a need 
for an eco-friendly and renewable source of secondary metabolites due to high 
demand and a supply chain that is frequently disrupted due to seasonal variations 
and time taken by plants to complete their life cycle followed by labour intense 
harvesting procedures. Thus, the method of plant tissue culture for secondary 
metabolite production has been promoted and has been successful in the 
production of various secondary metabolites including shikonin from 
Lithospermum erythrorhizon, sanguinarine from Argemone Mexicana, picroside–
I from Picrorhiza kurroa, peruvoside from Thevetia peruviana and glycyrrhizin 
from Abrus precatoroius Linn. (Karwasara et al., 2010; Sood and Chauhan, 2010; 
Trujillo-Villanueva et al., 2010; Zabala et al., 2010; Zhang et al., 2010). 
However, due to the limitation of slow growth and low secondary metabolite 
production, hairy root cultures have been seen as a better alternative (Linden et 
al., 2001). Hairy root, more specifically, is a proliferative root disease that is 
caused by Agrobacterium rhizogenes. The induction of the hairy root morphology 
is now being used as a beneficial tool for biomass and secondary metabolite 
production and has, therefore, been widely studied. Various reviews on the use of 
hairy root cultures for secondary metabolite production have been undertaken 
(Chandra and Chandra, 2011; Roychowdhury et al., 2013; Sharma et al., 2013; 
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Sheludko and Gerasymenko, 2013) and have emphasised their fast growth, 
genetic and biochemical stability, easy maintenance in hormone free media and 
the production of a range of secondary metabolites. Hairy root cultures are 
viewed as an economical system for commercial production purposes. 
3.2.1 Hairy root cultures 
Hairy root cultures are the result of transformation using a gram negative soil 
bacteria, Agrobacterium rhizogenes. This bacterium is capable of inducing hairy 
root at the site of infection of susceptible plant cells. During the process of 
infection, signal molecules in the form of acetosyringone and α-hydroxy 
acetosyringone are released from the wounded plant cell, attracting the bacteria 
where T-DNA (Transfer DNA), a portion of the bacterial plasmid known as root 
inducing plasmid (pRi) is transferred to the plant genome leading to auxin 
synthesis. Production of auxin by infected plant cells leads to hairy root 
production at the site of infection (Chandra et al., 2006, 2008). T-DNA encodes 
genes having eukaryotic regulatory sequences. The virulence region in the Ri 
plasmid consists of vir genes which trigger the process of transformation in the 
presence of phenolic compounds as inducers. During T-DNA transfer, Ri plasmid 
transfers either or both of two independent, TL-DNA (left hand T-DNA) and TR-
DNA (right hand T-DNA). Both T-DNA are integrated independently into the 
plant genome. It is TL-DNA which induces the cells to differentiate into roots. 
TL-DNA carries 18 open reading frames (ORF) where ORF10, ORF11, ORF12 
and ORF15 corresponding to rolA, rolB, rolC and rolD genes respectively 
(Nilsson and Olsson, 1997).  
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The following are some of the many examples of secondary metabolites that have 
been derived from hairy root cultures of various plant species:  Rosmarinic acid 
from Agastache rugosa and Coleus blumei (Bauer et al., 2009; Lee et al., 2008), 
Artemisinin from Artemisia dubia and A. indica (Mannan et al., 2008), Atropine 
and Scopolamine from Atropa acuminate (Banerjee et al., 2008), Scopolamine 
and Hyoscyamine from Atropa belladonna (Chashmi et al., 2010), 
Catharanthusopimaranoside A,  Catharanthusopimaranoside B, Vincristin and 
Vinblastin from Catharanthus roseus (Chung et al., 2008; Zargar et al., 2010), 
Glycyrrhizic acid from Glycyrrhiza glabra and Glycyrrhiza uralensis (Lu et al., 
2008; Tenea et al., 2008), Harpagoside, verbascoside, Isoverbascoside  from 
Harpagophytum procumbens (Grąbkowska et al., 2010), Plumbagin from 
Plumbago indica, (Gangopadhyay et al., 2011) Hyoscyamine and scopolamine 
from Przewalskia tangutica (Lan and Quan, 2013). 
 
In this chapter I initiate transformed root cultures of Withania somnifera, Tagetes 
erecta and Glycyrrhiza glabra.  
3.2.1.1 Withania somnifera 
Withania somnifera is a perennial plant from the family Solanaceae, producing 
steroidal lactones- withanolides (Sivanandhan et al., 2012b; Sivanandhan et al., 
2011). The pharmacological properties have been described in chapter 1(section 
1.3.1). Due to increasing demand (Sharada et al., 2008) and various limitations of 
conventional (Sivanandhan et al., 2012a) and tissue culture techniques 
(Ravishankar and Venkataraman, 1991), Agrobacterium rhizognes mediated 
hairy root cultures serve as a potential alternative. Also, biomass and 
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withanolides production in hairy root cultures of W. somnifera has been reported 
to be higher as compared to in vitro established root cultures (Ray et al., 1996). 
In withanaolides, present in hairy root cultures majorly only withaferin A and 
withanolide A are studied. Withaferin A is known for its various medicinal 
activities such as anti-inflammatory, anticancerous (Nakajima et al., 2011; 
Vaishnavi et al., 2012) and is reported in hairy roots cultures in various studies 
(Bandyopadhyay et al., 2007; Sil et al., 2014). Withanolide A has strong 
neuropharmacological properties and thus can play potential role in treatment of 
neurodegenerative diseases (Kuboyama et al., 2005; Tohda et al., 2005a; Tohda 
et al., 2005b). The metabolite has been documented in W. somnifera hairy root 
cultures (Murthy et al., 2008; Praveen and Murthy, 2013). Studies have shown 
that carbon source and the media pH influences this metabolite production in 
hairy root cultures (Praveen and Murthy, 2012). 
Along with the above two withanolides, withanolide D and withanone are known 
to be produced in hairy root cultures. Withanolide B, 12-
deoxywithastramonolide, withanoside IV, and withanoside V are some other 
withanolides that have not been studied yet in hairy root cultures.  
In my study, I have attempted to analyse seven withanolides in the developed 
hairy root cultures (withaferin A and withanolide A withanone, withanolide B, 
12-deoxy withastramonolid, withanoside IV, and withanoside V) to conclude on 
the presence and concentration of these withanolides with respect to time. 
3.2.1.2 Tagetes erecta 
 Secondary metabolites with activity against insects, fungi and nematodes are 
produced by the plant (Vasudevan et al., 1997). The pharmacological and 
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biocidal properties have been described in chapter 2 (section 2.2.2). Transformed 
root cultures induced by A. rhizogenes is valuable for production of biomass and 
secondary metabolites and also serve as the better source in comparison to in 
vitro tissue culture methods (Mukundan and Hjortso, 1990). There are many 
reports on use of other Tagetes species for transformation studies but only few 
reports on the use of hairy roots of T. erecta transformed using A. rhizogenes. 
Thus, there is a need to investigate into the role of the hairy root cultures of the 
plant for its biomass and thiophene production. 
In my study, I have attempted to analyse thiophenes, taking α-T as the candidate 
molecule in the developed hairy root culture to conclude on the presence and 
concentration of the secondary metabolite with respect to time. 
3.2.1.3 Glycyrrhiza glabra 
Glycyrrhiza glabra from the family Fabaceae is extensively used for its roots and 
rhizomes. The pharmacological properties have been described in chapter 1 and 2 
(section 1.3.2 and 2.2.3 respectively). Study on the development of transformed 
root cultures of the plant has been reported (Tenea et al., 2008; Toivonen and 
Rosenqvist, 1995). But there are only few studies which have reported about the 
presence of glycyrrhizin and glabridin in the established hairy root cultures 
(Asada et al., 1998; Kovalenko and Maliuta, 2003; Tenea et al., 2008). In my 
study, I have attempted to analyse the presence and concentration of these 
metabolites in the transformed hairy root cultures. 
Thus, the aim of this study was to initiate transformed root cultures of Withania 
somnifera, Tagetes erecta and Glycyrrhiza glabra for biomass and secondary 
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metabolite production. The relationship between age, growth, biomass and 
secondary metabolite production in the hairy root cultures was also investigated. 
3.3 Material and methods 
  
3.3.1 Plant material and sterilization 
Seeds of three WS germplasms 1, 2 and 10 and TE germplasms 1, 2 and 3 which 
were selected from Chapter 2 and one micropropagated germplasm of G. glabra 
were used as the plant material (as described in chapter 2). Sterilization of seeds 
of WS and TE and micropropagation procedures have been described in chapter 2 
(section 2.3.1and 2.3.2 respectively). For transformation studies, explants from 
20 days old seedlings were used. For G. glabra transformation, explants from 8 
weeks old micropropagated plants were used for studies.  
3.3.2 Agrobacterium rhizogenes strain and its maintenance 
Six different strains of Agrobacterium rhizogenes were used for transformation 
studies.  Agrobacterium rhizogenes strains A4, 8196, 1600 were obtained from 
David Tepfer, INRA Versailles, France and Agrobacterium rhizogenes strains 
11325 and ARqua1-pTSC5 were obtained from Late Prof. Gopi K Podila. The 
Agrobacterium rhizogenes strain 15834 was obtained from National Chemical 
Laboratory, Pune.  The Agrobacterium strains A4, 1600, 8196 and 15834 were 
maintained on Yeast Mannitol Agar (Himedia, Mumbai, India). The strain 11325 
was maintained on Luria Agar media (Himedia, Mumbai, India) and ARqua1-
pTSC5 was maintained on Luria Agar media supplemented with 100mg/l 
kanamycin and streptomycin (Himedia, Mumbai, India). 
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3.3.3 Agrobacterium rhizogenes mediated infection 
The bacterial mediated infection was performed using two methods: direct injury 
method used for W. somnifera, T. erecta and G. glabra and liquid broth method 
used for G. glabra. In the direct injury method, the bacterial strains were streaked 
on YMA media plates to produce single distinct colonies. The hypocotyl, 
internodes and young leaf explants were inoculated with different strains of A. 
rhizogenes separately by gently wounding with a sterile needle (23 gauge, 
Dispovan, Haryana, India) dipped in the single colony of bacterium on the 
streaked plate. In the liquid broth method, the bacterial cultures were grown on 
Yeast Mannitol Broth (YMB medium containing 5 g/L of yeast extract, 2 g/L of 
ammonium sulphate, 8 g/L of mannitol, 0.5 g/L of casein hydrolysate and 5 g/L 
of sodium chloride with pH adjusted to 6.6 before autoclaving, all components 
were purchased from Himedia, Mumbai, India). Explants were gently wounded 
with a sterile needle and suspended in bacterial suspension culture (OD600 in the 
range of 0.60 to 0.80) for 15 minutes. In both methods control leaves were 
injured with a sterile needle without bacterial culture. All explants were then 
incubated on sterile filter paper discs (whatman Grade 1) kept on MS media 
plates supplemented with 100 mM acetosyringone (Sigma, Bangalore, India) for 
20 days (for W. somifera and T. erecta) and 30 days (G. glabra)  in the dark at 25 
± 2 ºC. 
3.3.4 Transformation frequency, selection of bacteria-free root 
lines and their maintenance 
For determination of frequency of transformation, the explant that was infected 
was observed for root initiations. Their successful response to the infection in 
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terms of root initiation from the wounded site was recorded. The transformation 
frequency (TF) was calculated using the formula: 
TF = (Number of successful root initiations from wounded sites/ Total number of 
wounded sites) x 100 
After 15 - 30 days of infection, root initiations were observed on the wounded 
explant sites. These explants were washed with MS broth containing 250 mg/l 
cefotaxime (Omnatax, Abbott Healthcare Pvt. Ltd., Mumbai, India) to remove 
excess bacteria. The explants were then blot dried on filter paper and transferred 
to MS media (Murashige and Skoog, 1962) supplemented with 250  mg/l 
cefotaxime for further eradication of bacteria adhered to the explant. The plates 
were incubated in the dark at 25 ± 2 ºC. The root lines were excised after 15 days 
from the antibiotic supplemented media and transferred to MS media without any 
hormones. After three subcultures of root lines at a 15 day interval, the culture 
was transferred to Minimal White medium (Bécard and Fortin, 1988). After three 
subcultures at 15 day intervals, the root lines were transferred to Minimal (M) 
media (Bécard and Fortin, 1988). The root lines were thereafter maintained on M 
media and used for further studies. 
3.3.5 Establishment of in vitro normal plants roots (Control) 
For plant growth in the in vitro system, 30 mL of semi-solid M media (pH 5.4) 
with 0.25% phytagel (Sigma, Bangalore, India) without any phytohormones was 
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placed in each 120 mm in diameter Petri dish for W. somnifera and T. erecta and 
G. glabra and the dish closed with a lid that had a 2 – 3 mm hole in the centre. 
Roots of a three week old seedling or micropropagated rooted plant were used 
(method of establishment explained in chapter 2 (section 2.3.3.1). 
3.3.6 Confirmation of transformation using PCR 
To detect the Ri-T DNA integration into the plant genome a polymerase chain 
reaction was used (PCR).  One-month-old root lines were harvested and were 
rinsed with sterile distilled water, frozen using liquid nitrogen and then crushed to 
a powder. The first step involved extraction of genomic DNA from the putatively 
transformed root lines and normal root lines taken as negative control, using a 
commercial kit (DNeasy Plant Mini Kit, Qiagen, USA). Plasmid DNA from the 
Agrobacterium rhizogenes strain, used as a positive control, was extracted (High–
Speed plasmid mini kit, Geneaid, Taiwan). Root genomic DNA and plasmid 
DNA were analysed using a rolA gene specific primer [forward 
5′AGAATGGAATTAGCCGGACTA3′ and reverse 
5′GTATTAATCCCGTAGGTTTGTTT3′ obtained from Sigma, (Rostampour et 
al., 2009)] and rolB gene specific primers [forward 5′ACTA 
TAGCAAACCCCTCC3′ and reverse 5’′TTCAGGTTTACTGCAGCAG3′ 
obtained from MWG Biotech, Bangalore; (Tenea et al. 2008)].  To study the 
absence of bacterial contamination in the transformed root lines virC gene 
specific primers were used [forward 5′ATCATTTGTAGCGAC3′ and reverse 
5′AGCTCAAACCTGCTTC3′ obtained from Sigma, (Kumar et al., 2006)]. The 
PCR reaction mixture (25 μl) contained, 1× PCR buffer, 1.5 mM MgCl2, 0.2 μM 
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of each primer, 50 μM dNTPs, 1.0 U of taq polymerase and ~50 ng of the DNA 
as template. PCR was carried out by amplifying at an initial denaturation of 5 
min, carried out at 94 °C, followed by 35 cycles of denaturation at 94 °C for 
1min, annealing at 55 °C for 1 min, extension at 72 °C for 1 min and then final 
extension for 10 min at 72 °C in a programmable thermal cycler (BioRad, 
Mumbai, India). PCR products were separated on 1 % agarose gel (Himedia, 
Mumbai, India) and visualised by staining with ethidium bromide. 
3.3.7 Growth kinetic studies 
Assessment of growth kinetics was performed by estimation of growth index, 
root length, root biomass and secondary metabolite concentration of the 
developed hairy root cultures. 
3.3.7.1 Measurement of growth index, root length and root 
biomass 
Three time points, 4, 8 and 12 weeks were selected to analyse the root length and 
root biomass in the transformed root cultures and untransformed control roots. At 
each time point root were harvested and the media attached to roots was 
deionized using 10 mM sodium citrate buffer (Doner and Becard, 1991) by 
placing the root system in the buffer at 25 °C for 30 min at 100 rpm in an 
incubator shaker (Kuhner Shaker, Basel, Switzerland). Roots were collected 
using a sieve (52 British Standard Sieve, Industrial Wire Netting Co., New Delhi, 
India) washed through with distilled water. Root length of the harvested roots 
was recorded using image analysis software (WinRHIZO® version Pro2007, 
Quebec, Canada) and a scanner (EPSON Perfection V 700, Delhi, India). After 
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this the roots were blot dried, fresh weight recorded and samples then lyophilised 
(Labconco lyophilizer, USA) at −94.3 °C and 141 kPa for 72 h. Dry weight of the 
lyophilized roots was recorded. Growth was measured as an index of fresh weight 
and was calculated using the formula- 
Growth Index (GI) = Final fresh weight of biomass-Initial fresh weight of 
inoculum / Initial fresh weight of inoculum 
3.3.7.2 Extraction and quantitative analysis using HPLC  
Fifty milligram of dried powdered hairy roots and control plants of  A.  
rhizogenes transformed hairy root cultures were extracted with combination 
method (as described in chapter 2, section 2.3.6). Seven withanolide standards 
were used for analysis -  Withaferin A, withanolide A and withanone were 
purchased from Sigma, (Bangaluru, Karnataka, India), and  withanolide B, 12-
deoxy withastramonolide, withanoside V and  withanoside IV  were purchased 
from Natural Remedies (Bangaluru, Karnataka, India). Sample preparation and 
extraction was similar to as described in chapter 2 for all three plant species 
(section 2.3.7)  
Gradient programming for W. somnifera analysis had few modifications to the 
methodology followed in chapter 2 (section 2.3.7) due to number of withanolides 
being investigated in the study. Here, solvent system was performed at 27 °C, 
first at 40% B changed to 60% B at 30 min, maintained for the next 2.0 min, 
changed to 75% B at 45  min and then to 95% B at 50 min and then to 100% B at 
55 min. The solvent composition was maintained until the run time reached 60 
min. The flow rate of 1.0 mL/min was kept throughout the program.  
Chapter 3 Hairy root cultures 
 
76 
 
HPLC programming was similar for T. erecta and G. glabra as described in 
chapter 2 (section 2.3.7). 
3.3.8 Statistical analysis 
All data was analysed using a commercial software package (SPSS Statistics 22, 
IBM). One way analysis of variance (ANOVA) was used to determine growth 
parameters secondary metabolite concentration in different germplasms. 
Statistical significance was determined at the p < 0.05 level using the Tukey post-
hoc test. 
3.4 Results 
3.4.1. Establishment, morphology and growth parameters of 
transformed root cultures 
Hairy root cultures were successfully induced in W. somnifera (Fig. 3.1), T. 
erecta (Fig. 3.3) and G. glabra (Fig. 3.5). 
3.4.1.1 Withania somnifera root lines  
Explants used were inoculated with six different Agrobacterium rhizogenes 
strains. It was observed that only A. rhizogenes strain A4 infected explants 
responded to inoculation in all the three germplasms used in the study. The 
transformation frequency was 0.6 ± 0.19, 0.75 ± 0.22 and 0.45 ± 0.14 in WS1, 2 
and 3 germplasms respectively. Initially, swelling of wounded areas was 
observed within 7-8 days of inoculation with start of hairy root initiation seen 
within 17-20 days. Among the different explants used for the transformation 
studies only leaves showed a positive response (Fig. 3.1 b, c, d and e).  
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Hypocotyl and internodal explants showed no response to bacterial infection and 
became necrotic within 30 days. All bacteria were eliminated from the explants 
after growing the explants as well as the hairy roots on media supplemented with 
cefotaxime. The hairy roots were subsequently subcultured onto MS, MW and M 
media (Fig. 3.1 f, g, h) and grew rapidly in hormone free solid medium. After 
continuous culture, two distinct morphological traits were observed in the three 
different germplasms: hairy root cultures WS1, were thinner and showed slow 
growth with less branching, hairy root cultures of WS2 and 10 were fast growing 
with extensive branching. Extensive formation of root hairs was observed which 
is a typical characteristics of hairy roots observed for several species. It was 
observed that all transformed root lines grew faster than the control root cultures 
with exception in WS1. 
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Figure 3.1 Establishment of Withania somnifera hairy root cultures. (a) Seed 
germination, (b) and (c) Root initiation from infected sites. (d) and (e) Root 
elongation from infected sites. (f) Root elongation from single root tip. (g) 
Developed hairy root culture in Petri plate. (h) Developed hairy root cultures 
maintained in jars. 
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Hairy root cultures of WS were harvested at 3 time intervals (4 , 8  and 12 weeks) 
and their FW, DW, root length and GI were determined (Fig 3.2). It was observed 
that there was high biomass accumulation at 12 weeks for WS2 and WS10. In 
WS1, at 12 weeks biomass was not significantly different from 4 and 8 weeks 
culture. The WS 2 germplasms showed maximum fresh weight (1.18 ± 0.06 g), 
dry weight (0.14 ± 0.02 g), root length (430.75 ± 3.71 cm) and growth index of 
57.79 ± 0.32. This was followed with WS 10 germplasms (fresh weight (0.92 ± 
0.07 g), dry weight (0.12 ± 0.03 g), root length (386.568 ± 22.87 cm) with growth 
index of 45.14 ± 3.63.  Root length of WS2 was highest in the 12th week followed 
by WS 10. WS 1 germplasm showed the least biomass (FW=0.07 ± 0.03 g and 
DW=0.008 ± 0.01 g), root length (272.59 ± 12.41 cm) and GI (2.29 ± 0.50). 
However, among the three germplasms, WS2 germplasm of 12 weeks was 
statistically significant from WS 1 and 10. There was no significant difference 
between root length of WS 2 and 10 germplasms of 12 week old culture and 
WS10 of 8 week old culture. 
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Figure 3.2 Growth parameters of W. somnifera hairy root culture germplasms at 
different time points. (a) and (b) Biomass accumulation, (c) Time course growth 
of  hairy root cultures on M media, (d) Root length hairy root cultures. 
Concentrations with the same letters are not statistically different. Data reported 
are mean ± SE for 3 samples. 
3.4.1.2 Tagetes erecta root lines 
All explants were inoculated with six different A. rhizogenes strains. It was 
observed that only A. rhizogenes strain A4 infected explants responded to 
inoculation in each of the three germplasms examined. The transformation 
frequency was 0.95 ± 0.34, 1.00 ± 0.32 and 0.60 ± 0.22 in TE1, 2 and 3 
germplasms respectively. Initially, swelling of wounded areas was observed 
within 4 - 7 days of inoculation with the start of hairy root initiation seen within 
12 - 15 days. Only leaves among other explants used showed root initiations (Fig. 
3.3 a, b). The positive root initiations were transferred to supplemented with 
cefotaxime to eliminate any presence of bacteria followed with their growth in 
subsequent subculture on MS, MW and M media (Fig. 3.3 e and f). Two distinct 
morphological traits were observed during the growth phase. TE1, represented 
fast growing, branched and plagiotropic growth. TE2 and TE3 represented fast 
growing, highly branched and plagiotropic growth. These roots were thinner than 
TE1 root cultures. Sparsely root hair formation was observed in all hairy root 
cultures. All transformed root lines grow faster than the control root cultures.  
 
 
Chapter 3 Hairy root cultures 
 
82 
 
 
Figure 3.3  Establishment of hairy root cultures of Tagetes erecta. (a) Seed 
germination. (b) and (c) Root initiation from infected sites. (d) Extensive 
branching from single root segment. (e) and (f) Developed root lines maintained 
in petri plate and jars respectively. 
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FW, DW and GI of the harvested root cultures were analysed at three time (4, 8 
and 12 weeks) intervals (Fig. 3.4). Highest biomass accumulation was observed 
in 8th week root cultures with the highest GI in TE 2 (44.6 ± 1.48). The range of 
FW was between 4.23 ± 0.36 to 4.56 ± 0.15 g and DW was between 0.42 ± 0.04 
to 0.45 ± 0.04 g. No significant difference was observed between the germplasms 
in the 8 week old culture. The root length was highest in TE3 (824.82 ± 29.11) 
but there was no significant difference between root length of 8 (820.94 ± 75.29 
and 817.44 ± 74.58) and 12 (804.99 ± 273.03 and 824.82 ± 29.11) weeks old 
culture of TE2 and TE3 cultures respectively. 
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Figure 3.4 Growth parameters of T. erecta hairy root cultures germplasms at 
different time points. (a) and (b) Biomass accumulation. (c) Time course growth 
of hairy root cultures on M media. (d) Root length hairy root cultures. 
Concentrations with the same letters are not statistically different. Data reported 
are mean ± SE for 3 samples. 
 
3.4.1.3 Glycyrrhiza glabra root lines 
Agrobacterium rhizogenes strain A4 failed to induce hairy root formation. 
Among the other strains used only A. rhizogenes strain 15834 successfully 
induced root initiations in the liquid broth method of transformation. The 
transformation frequency was 0.15 ± 0.08. Initially, swelling of wounded areas 
was observed with 17 - 20 days of inoculation with the start of hairy root 
initiation observed within 28-30 days. Leaves alone showed positive response 
(Fig. 3.5b, c) and there was no response in hypocotyl and internodal explants. 
The explants became necrotic within 35 days. Cefotaxime was added in the 
media for eliminating bacteria. Maintenance of hairy roots was subsequently 
carried on MS, MW and M media (Fig. 3.5d and e). The hairy root cultures 
showed dark and thick roots with extensive lateral branching with no root hair 
formation.  
Glycyrrhiza glabra hairy roots were not studied for comparison of growth 
parameters at different time intervals as the roots were still under the process of 
stabilization on media. 
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Figure 3.5 Establishment of hairy root cultures of Glycyrrhiza glabra. (a) 
micropropagated plants. (b) and (c) root initiation from infected sites. (d) and (e) 
Developed roots maintained in petri plates and jars. 
3.4.2 PCR based confirmation of transformation by 
Agrobacterium rhizogenes 
Ri plasmid T-DNA integration into plant genome was confirmed using PCR (Fig. 
3.6)  for rolA and rolB genes. Primer amplified the   ̴308 base pair (bp) fragment 
of rolA and   ̴ 680 bp  fragment of rol B. These results exhibited that rolA and 
rolB genes from the Ri plasmid of bacteria were integrated successfully into the 
plant genome (Fig. 3.6 b, c). The absence of virC gene was observed in hairy root 
cultures showing no Agrobacterium contamination (Fig. 3.6 d). There were no 
amplification products obtained from control roots. 
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Figure 3.6 Confirmation of transformation of W. somnifera, and T. erecta using 
PCR. (a) Lane 1: Supermix DNA ladder, Lane 2, 3, 4 W. somnifera and Lane 5, 
6, 7 T. erecta genomic DNA.  (b, c and d) PCR amplification using rolA, rolB, 
virC respectively (b and c) Lane 1: 100 bp DNA ladder, Lane 2: positive control, 
Lane 3: negative control (b) PCR amplification using rol A, Lane 4, 5, 6 W. 
somnifera and Lane 9, 10, 11 T. erecta  (c) PCR amplification using rol B, Lane 
4, 5, 6 W. somnifera and Lane 7, 8, 9 T. erecta  (d) PCR amplification using virC, 
Lane 1: Supermix DNA ladder, Lane 2: positive control, Lane 3, 4, 5,  W. 
somnifera and Lane 6, 7, 8  T. erecta.   
3.4.3 HPLC analysis of secondary metabolites 
All extracts prepared were analysed using HPLC. Analysis of three replicates of 
each sample was performed. For W. somnifera, a calibration curve for seven 
withanolide standards - withaferin A, withanolide A, withanolide B, withanone, 
12-deoxy withastramonolide, withanoside V, withanoside IV were prepared using 
10, 20, 30, 40 and 50 μg/g of standards. The calibration curve showed a 
coefficient of determination, r2 = 0.9992 by linear equation of y = 23964x - 
11676 for Withaferin A,  coefficient of determination, r2 = 0.997 by linear 
equation of y = 141394x - 39802 for withanolide A, coefficient of determination, 
r2 = 0.9997 by linear equation of y = 91936x - 24683 for withanolide B, 
coefficient of determination, r2 = 0.9986 by linear equation of y = 175757x - 
280798 for withanone, coefficient of determination, r2 = 0.9994 by linear 
equation of y = 210343x-752930 for 12-deoxy withastramonolide, coefficient of 
determination, r2 = 0.9917 by linear equation of y = 31652x - 59061 for 
withanoside V, coefficient of determination, r2 = 0.9984 by linear equation of y = 
75612x - 176398 for withanoside IV. 
For T. erecta, a calibration curve for 2, 2´:5´, 2 ̋ - Terthiophene (α-Terthienyl) 
standard was prepared using 20, 40, 60, 80, and 100 μg/g of α-T. The calibration 
curve showed a coefficient of determination, r2 = 0.9941 by linear equation of y = 
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97758x.  For Glycyrrhiza glabra, a calibration curve for Glycyrrhizic acid 
ammonium salt standard and Glabridin (GLA) standard was prepared using 20, 
40, 60, 80, and 100 μg/g. The calibration curve showed a coefficient of 
determination, r2 = 0.9843 by linear equation of y = 10057x for GLY and 
coefficient of determination, r2 = 0.991 by linear equation of y = 22338x for 
GLA. 
3.4.4 Secondary metabolite production in hairy root cultures 
Hairy root cultures harvested at the three time points (4, 8 and 12 weeks) were 
analysed for withanolides in W. somnifera, α-T in T. erecta and glycyrrhizic acid 
and glabridin in G. glabra. 
3.4.4.1 Withanolide production in hairy root cultures of Withania 
somnifera 
Withanoliodes were analysed in the hairy root culture extracts using HPLC. The 
retention times of the peaks obtained with standard withanolides were used to 
determine the identical peaks of root extracts (Fig. 3.7 and 3.8). Withanolide 
production in WS germplasms at different time points have been graphically 
presented in Figure 3.9. WS1 germplasm showed less biomass as well as low 
withanolide production. Among the different withanolides found only withaferin 
A (0.02 ± 0.01 mg/g DW) was detected in WS1. WS2 germplasm exhibited 
maximum withanolide production at 4 weeks. Among the two WS germplasms 
when considering the 4th week withanolide production both the germplasm were 
similar in their withaferin A production (0.93 ± 0.03 to 0.95 ± 0.04 mg/g DW). 
There was no statistically significant difference between the two germplasms in 
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terms of withaferin A production. Among other withanolides, withanolide B 
(0.05 ± 0.001 mg/g DW), withanone (0.11 ± 0.005 mg/g DW) and 12-
deoxywithastramonolide (0.18 ± 0.03 mg/g DW) were maximum in WS2 and 
were present in significantly higher concentrations. Withanolide A (0.05 ± 0.003 
mg/g DW)             was  maximumally  produced  in  WS10                          
germplasm and was statistically significant. Withanoside V and withanoside IV 
were not detected in all the three germplasm till the 12th week. It was observed 
that withanolide production decreased in WS2 and WS10 in the 8th (where 
withaferin A was in the range 0.54 ± 0.06 to 0.63 ± 0.03 mg/g DW, withanolide 
B in the range 0.015 ± 0.002  to 0.017 ± 0.003 mg/g DW, withanone in the range 
0.067 ± 0.02 to 0.068 ± 0.01 mg/g DW and 12-deoxy withastramonolide in the 
range 0.082 ± 0.01 to 0.083 ± 0.01 mg/g DW and withanolide A in the range 
0.028 ± 0.002 to 0.034 ± 0.003 mg/g DW) and the 12th week (where withaferin A 
was in the range 0.46 ± 0.02 to 0.56 ± 0.08 mg/g DW, withanolide B in the range 
0.013 ± 0.004 to 0.016 ± 0.002 mg/g DW, withanone in the range 0.065 ± 0.001 
to 0.068 ± 0.01 mg/g DW and 12-deoxy withastramonolide in the range 0.078 ± 
0.01 to 0.080 ± 0.01 mg/g DW and withanolide A in the range 0.029 ± 0.03 to 
0.029 ± 0.001 mg/g DW). 
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Figure 3.7  HPLC Chromatogram of Withanolide standards. Different peaks 
represent different standards as indicated in legends. (a) Chromatogram for seven 
standard mix of withanolides. (b) Enlarged view of the seven peaks.  AU in y-
axis label represents arbitrary units. 
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Figure 3.8 HPLC Chromatogram of hairy root extracts of W. somnifera. (a) 
Chromatogram for root extract. (b) Enlarged view of the identified standards. AU 
in y-axis label represents arbitrary units. 
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Figure 3.9 Withanolide production in germplasms of W. somnifera root cultures 
at different time points. (a) Withaferin A, (b) Withanolide A (c) Withanolide B 
(d) Withanone (e) 12-Deoxywithastramonolide. Bars with the same letters are not 
statistically different. Data reported as mean ± SE for 3 samples. 
3.4.4.2 α-Terthienyl production in hairy root cultures of Tagetes 
erecta 
α-Terthienyl was analysed in the hairy root culture extracts using HPLC. The 
retention time of the peak obtained with standard α-T was used to determine the 
identical peaks of root extracts (Fig. 3.10). The maximum and significant α-T 
production was observed in the 4th week of TE1 (35.33 ± 0.54 mg/kg DW) hairy 
root culture. This was followed with TE 2 (25.14 ± 4.88 mg/kg DW) and TE3 
(24.56 ± 3.35 mg/kg DW) of the 4th week culture. There was no significant 
difference between the TE2 and TE3, 4 weeks culture and TE1, 8 (26.42 ± 2.15 
mg/kg DW) and 12 (23.39 ± 3.04 mg/kg DW) weeks culture. The data showed a 
decrease in α-T production in 8 week (between 20.23 ± 2.09 to 26.42 ± 2.15 
mg/kg DW) and 12 week (between 16.66 ±1.82 to 23.39 ± 3.04 mg/kg DW) hairy 
root cultures in all the three germplasms when compared with the 4 week cultures 
(between 24.56 ± 3.35 to 35.42 ± 0.54 mg/kg DW) (Fig. 3.11).  
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Figure 3.10  HPLC chromatogram of T. erecta. (a) Chromatogram for standard 
α-T, (b) Chromatogram of hairy root extracts indicating presence of α-T. AU in 
y-axis label represents arbitrary units. 
 
 
 
 
-10000
0
10000
20000
30000
40000
50000
60000
70000
0 2 4 6 8 10 12
AU
 
Minutes
-50000
0
50000
100000
150000
200000
250000
300000
350000
400000
0 2 4 6 8 10 12
AU
 
Minutes 
α-T 
α-T 
a 
b 
Chapter 3 Hairy root cultures 
 
96 
 
 
 
Figure 3.11 α-Terthienyl (α-T) production in germplasms of T. erecta root 
cultures at different time points. Bars with same letters are not statistically 
different. Data reported as mean ± SE for 3 samples. 
3.4.4.3 Glycyrrhizic acid (GLY) and glabridin (GLA) production 
in hairy root cultures of Glycyrrhiza glabra 
GLY and GLA were also analysed in the hairy root culture extracts using HPLC. 
The retention time of the peak obtained with standard GLY and GLA were used 
to determine the identical peaks of root extracts (Fig. 3.12). For detection of 
presence of GLY and GLA in the hairy root extracts, 4 week old culture was used 
from the developed root cultures which were still in the phase of stabilization. It 
was observed that both GLY (0.58 ± 0.02 mg/g DW) and GLA (0.07 ± 0.006 
mg/g DW) were detected in the hairy root extracts. 
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Figure 3.12  HPLC Chromatogram of G. glabra. (a) Chromatogram for standard 
Glycyrrhzic acid (GLY) detected at 252 nm and gladridin (GLA) detected at 280 
nm. (b) Chromatogram of hairy root extracts indicating presence of GLY and 
GLA (asterisks) as shown in enlarged view (c). AU in y-axis label represents 
arbitrary units. 
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3.4.5 Comparison of growth parameters and secondary 
metabolite production between control roots and hairy root 
cultures 
Quantitative analysis at each time point showed maximum concentrations of 
withanolides and α-T in 4 week old hairy root cultures. Thus, a comparitive study 
was undertaken with control roots for analysis of growth parameters and 
secondary metabolite production with respect to hairy root cultures. Glycyrrhiza 
glabra hairy roots were not studied for comparison as the roots were still under 
the process of stabilization. 
3.4.5.1 Growth parameters and withanolide production in control 
and hairy root cultures of Withania somnifera 
It was observed that biomass (FW and DW) was highest in WS2 germplasms 
among the hairy root and control roots of all the studied germplasms (Fig. 3.13). 
The biomass of control roots in all the germplasms were less than the hairy roots. 
Biomass of WS2 hairy root culture was 4.4 fold higher than WS2 control roots 
and WS10 hairy root culture was 4.5 fold higher than WS10 control roots. 
However, WS1 showed no significant difference between the hairy root and 
control roots showing poor growth of hairy roots. Root length in WS2 (103.43 ± 
0.91 cm) and WS10 (121.28 ± 7.83 cm) germplasms were significantly higher 
than that for the control roots (76.25 ± 5.90 and 68.20 ± 7.83 cm in WS2 and 
WS10 respectively). However, similar to biomass there was no significant 
difference in root length of WS1 hairy roots and control roots.  
 
 
 
Chapter 3 Hairy root cultures 
 
99 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 Comparison between growth parameters in hairy roots and control 
roots of three germplasms of W. somnifera: (a) Fresh weight. (b) Dry weight. (c) 
Root length. Concentrations with same letters are not statistically different. Data 
reported as mean ± SE for 3 samples. 
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On the basis of withanolide production, it was observed that hairy roots had 
higher concentrations as compared to control roots. Withaferin A produced was 
28 - 34 times higher in hairy roots as compared to control roots in both 
germplasms. Withanolide A and withanolide B were 1.8-2.1 and 5.0-5.2 times 
higher than control roots respectively in both the germplasms. Withanone 
production was 2.3 times higher in WS2 as compared to control roots. However, 
there was no significant difference between the withanone production between 
control (0.059 ± 0.01 mg/g DW) and hairy roots (0.086 ± 0.07 mg/g DW) of 
WS10. 12-deoxy withastramonolide was not detected in control roots in both 
germplasms. Withanoside V and withanoside IV were not detected in hairy roots 
or control roots (Table 3.1). 
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Table 3.1 Comparison between withanolide production in hairy roots and control roots within the two germplasms of Withania somnifera. 
 
Withanolides WS 2_Control WS 2_HR WS 10_Control WS 10_HR 
Withaferin A 0.034 ± 0.02 b 0.953 ± 0.04 a 0.027 ± 0.02 b 0.934 ± 0.03 a 
Withanolide A 0.023 ± 0.03 b 0.041 ± 0.01 a 0.022 ± 0.02 b 0.047 ± 0.03 a 
Withanolide B 0.010 ± 0.03 c 0.052 ± 0.01 a 0.009 ± 0.01 c 0.045 ± 0.01 b 
Withanone 0.049 ± 0.02 b 0.114 ± 0.04 a 0.086 ± 0.03 b 0.059 ± 0.01 b 
Withanoside IV N. D. N. D. N. D. N. D. 
Withanoside V N. D. N. D. N. D. N. D. 
12-Deoxywithastramonolide N. D. 0.181 ± 0.06 a N. D. 0.134 ± 0.01 b 
       
        Concentrations with same letters are not statistically different. ND = not detected. Data reported as mean ± SE for 3 samples. 
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3.4.5.2 Growth parameters and α-T production in control and 
hairy root cultures of Tagetes erecta 
It was observed that the biomass produced by control roots had significant 
difference as compared to hairy root cultures (Fig. 3.14). The biomass of the 
hairy roots were 1.95, 2.76 and 1.8 fold higher than the control roots in TE1, 2 
and 3 germplasms respectively (Fig. 3.14b). The root length in hairy roots was 
observed to be 2.2, 2.46 and 1.81 fold higher in TE 1, 2 and 3 as compared to 
control roots (Fig. 3.14c).  
α-Terthienyl production in hairy roots was significantly higher than control roots. 
There was no significant difference between the α-T production in germplasms 
TE1 (4.87 ± 1.83 mg/kg DW), TE2 (3.63 ± 1.35 mg/kg DW) and TE3 (2.15 ± 
2.91 mg/kg DW) control roots. The α-T production in hairy roots of TE 2 
germplasm was 6.93 fold higher than TE 2 control roots. Also, the α-T 
production in TE1 and TE3 hairy roots was 7.26 and 11.40 fold higher than their 
respective control roots.  
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Figure 3.14  Comparison between growth parameters and α-T production in 
hairy roots and control roots of three germplasms of T. erecta. (a) Fresh weight. 
(b) Dry weight. (c) Root length. (d) α-T concentration. Bars with same letters are 
not statistically different. Data reported as mean ± SE for 3 samples. 
 
 
3.5 Discussion 
The aim of the study was to develop hairy root cultures of three different plant 
species, W. somnifera, T. erecta and G. glabra by infection with Agrobacterium 
rhizogenes strains and to subsequently determine different growth parameters and 
secondary metabolite production in the developed root lines. Hairy root cultures 
of all three plant species with their respective germplasms were successfully 
developed, maintained and quantification studies were conducted with respect to 
time. As described in chapter 2, high withaferin A concentration producing 
germplasms of W. somnifera (WS1, 2 and 10), high α-T concentration producing 
germplasms of T. erecta (TE1, 2 and 3) and G. glabra germplasm GG were used 
for the study.  
Hairy root cultures of W. somnifera, T. erecta and G. glabra were successfully 
established using Agrobacterium rhizogenes mediated transformation for all 
germplasms of the respective species. Thus, the process enabled the integration of 
rol genes into the plant genome which has also been previously shown with 
different species (Bulgakov, 2008; Thiruvengadam et al., 2014; Triplett et al., 
2008). 
Here, it was observed that transformation frequency depends upon cultivar used, 
type of explant, explant age and the Agrobacterium strain used. Different 
cultivars have different germplasms which vary due to their original geographical 
location and thus they respond differently or have natural variation to various 
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treatments.  The germplasms of the species used, specifically, W. somnifera and 
T. erecta showed different transformation frequencies in different cultivars, 
similar to other reports (Sharma et al., 2009). The type of explants used has a 
major role in determining the incidence of infection and among the various 
explants used young leaves exhibited a high response to infection among other 
explant types with respect to root initiation. Similar observations were made for 
Taraxacum platycarpum (Lee et al., 2004),  Aratia elata (Kang et al., 2006), 
Withania somnifera (Murthy et al., 2008) and Ocimum tenuiflorum (Vyas and 
Mukhopadhyay, 2014) and may be due to the fact that the cells of young leaves 
are continuously dividing and their viability is high even after inoculation injury 
to their surface. In the current study only the A4 strain was successful in causing 
infection in W. somnifera and T. erecta which can be co-related to earlier 
reported studies of strain A4 being more potent in root induction (Giri et al., 
2001; Ooi et al., 2013). The response to A4 strain infection by the explants could 
also be associated with the difference in virulence of the different bacterial strains 
(Porter and Flores, 1991) used in the study. Such difference in frequencies of root 
initiation has also been observed in Sausseerea involucrata (Fu et al., 2005) and 
Withania somnifera (Murthy et al., 2008). Also, there was a difference in the 
infection timing in the three species on root induction as has also been reported 
previously (Aggarwal et al., 2013). 
Among the different hairy root clones obtained in each germplasm, putative 
transformed root lines were selected on the basis of active growth and formation 
of lateral roots. There were phenotypic differences in the root lines observed in 
different germplasms of the same species. Two different phenotypic traits were 
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observed in W. somnifera and T. erecta. These differences in morphology had 
been previously reported (Bandyopadhyay et al., 2007; Thimmaraju et al., 2008) 
and may be due to the difference in copy number of the gene inserted into the 
plant genome. 
The results showed germplasms WS2 and WS10 had faster growth rate, high 
biomass and higher secondary metabolite accumulation as compared to WS1. 
Also, TE1, germplasm showed faster growth rate than TE2 and TE 3. Putative 
transformed root lines were selected for study on the basis of active growth and 
formation of lateral roots. Growth rate and secondary metabolite production 
variation has been reported in several other hairy root systems (Baíza et al., 1998; 
Triplett et al., 2008; Woo et al., 2004) and insertion site of introduced T-DNA, 
genomic methylation patterns could be the possible factors for such differences.  
Various studies have documented the fast growth of transformed root cultures 
and enhanced secondary metabolite production when compared to control roots 
(Bandyopadhyay et al., 2007; Bulgakov, 2008; Fu et al., 2005; Murthy et al., 
2008). Similar results were observed in my research. In W. somnifera, the 
biomass of control roots in all the germplasms was less than the hairy roots. 
Biomass of WS 2 and WS 10 hairy root culture was 4.5 fold higher than their 
respective control roots. Withaferin A produced was 28 - 34 times higher in hairy 
roots as compared to control roots in both germplasms. Similarly, in T. erecta, the 
biomass of the hairy roots were 1.95, 2.76 and 1.8 fold higher than the control 
roots in TE1, 2 and 3 germplams respectively. The α-T production in hairy roots 
of TE1, 2, 3 germplasm was 7.26, 6.93 and 11.40 fold higher than respective 
control roots.  
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It was observed in the current study that secondary metabolite production shows 
a decrease in 8th and 12 week old cultures which was also found for alkaloid 
accumulation in hairy root cultures of Datura stramonium (Baíza et al., 1998; 
Maldonado-Mendoza et al., 1993). The results presented here are in close 
accordance with withaferin A production in W. somnifera in 3 - 4 week cultures 
(Sil et al., 2014; Sivanandhan et al., 2013). But in many studies the withanolides 
and α-T production, is higher than as reported in this study (Mukun dan and 
Hjortso, 1990; Murthy et al., 2008; Praveen and Murthy, 2012, 2013). The reason 
behind the difference in the metabolite concentration is attributed to the use of M 
media for growth of hairy roots which were taken for assessment of secondary 
metabolite production. M media is a minimal media with 1% sucrose and lower 
concentration of various macroelements. Growth of transformed root is 
influenced by sucrose concentration (Praveen and Murthy, 2012; Wang and 
Weathers, 2007) and by altering the concentration of macroelements (Praveen 
and Murthy, 2013). The reason for stabilization and study of hairy root cultures in 
M media in the current work is so that the selection of the most productive 
germplasm can be taken forward for establishing dual cultures with mycorrhizas 
which will be described in Chapter 4. 
Further, the withaferin A concentration in this study is higher than as reported by 
Sivanandhan (Sivanandhan et al., 2012a) in adventitous roots of W. somnifera. 
Also, Withanolide A and Withaferin A concentration in in vitro and green house 
grown plants of W. somnifera (Dewir et al., 2010) is much less as compared to 
the production of these metabolites in the hairy root cultures developed in the 
current study. Similarly, the production of the α-T in T. mendocina glass house 
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grown plants and callus cultures of T. patula (Benavides and Caso, 1993; Poli et 
al., 1992) is much less compared to the hairy root cultures produced in the current 
study. Thus, the fast growth of hairy root cultures and stability of secondary 
metabolite production provides significant advantages over conventional systems 
for efficient production of secondary metabolites. 
 
 
3.6 Conclusion 
This study shows that hairy root cultures are a very useful system for biomass 
and secondary metabolite production. The work presented is to the best of my 
knowledge the first report where withanolide B, 12-deoxy withastramonolide, 
withanoside V, withanoside IV has been analysed along with withaferin A, 
withanolide A, and withanone. The hairy root cultures developed in this research 
showed high growth rates and enhanced metabolite production compared with 
control untransformed roots. Hairy root cultures of W. somnifera germplasm 
WS2 and WS10 and T. erecta germplasms TE1 were selected based on the results 
of this study to be carried forward in the next chapter for mycorrhization studies. 
Glycyrrhiza glabra remains in its juvenile stage and stabilization of the cultures 
will be the next stepin the development of this species for biomass and metabolite 
production, however, both glycyrrhizic acid and glabridin were detected in the 
developed hairy roots of G. glabra.  
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Chapter 4 : Mycorrhization of Tagetes erecta, Withania 
somnifera and Glycyrrhiza glabra: induction of secondary 
metabolite production in conventionally grown plants 
and in hairy root cultures  
4.1 Abstract 
In the present study all AMF inoculations resulted in a positive response due to 
the symbioses, with improved morphological growth parameters, nutrient uptake 
and secondary metabolite content. In situ studies undertaken using Rhizophagus 
intraradices showed significantly higher colonization in Withania somnifera 
(WS) 10 (35.00 ± 5.00 %) and Tagetes erecta (TE) 1 (73.33 ± 3.33%) 
germplasms. Colonization of Glycyrrhiza glabra in 24 week-old plants of 
Claroideoglomus etunicatum was 73.33 ± 3.33%. Plant height was approximately 
three times higher in WS and TE plants and 10 times higher in GG plants in AMF 
colonised plants when compared to their respective controls. There was also 
significant increase in the concentration of the metabolites examined in AMF 
treated compared to control plants. This study to the best of my knowledge is the 
first to examine specific metabolite concentrations with respect to AMF 
inoculations in W. somnifera which targeted withanolides and T. erecta which 
targeted α-Terthienyl (α-T). Also, there have been no reports on glycyrrhizic acid 
and glabridin being analysed in both roots and rhizomes of G. glabra. In the 
present study, ROC’s of T. erecta were successfully established which were then 
used for studying the symbiosis and the potential for spore production. In 4-
week-old roots, the highest concentration of α-T (73.46 mg/kg) was produced 
which was two-fold higher when compared with non-inoculated hairy root 
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cultures. However, there was no establishment of ROC’s in W. somnifera cultures 
although successful colonization was seen under in situ conditions. Confocal 
laser scanning and electron microscopy was used to document, in great detail and 
at high resolution the interactions of the AMF with host roots. 
4.2 Introduction 
Soil health is a fundamental necessity for a healthy ecosystem. Increasing human 
population has raised concerns for the basic requirements of ecosystem survival. 
Agricultural security is vital for combating these problems and soil health thus 
plays a major role. Plant roots interact with various rhizospheric inhabitants 
which influence their growth and yield (Akiyama and Hayashi, 2002; De-la-Peña 
et al., 2012; Lambers et al., 2009; Prithiviraj et al., 2007; Rapparini et al., 2008). 
Among different rhizospheric microorganisms, the mycorrhizal interactions are 
the most prevalent, existing in over 80% of terrestrial plant species (Seddas et al., 
2009; Smith and Read, 2008). For maintenance of a healthy and fertile soil, 
mycorrhizas play an important role (Solaiman and Mickan, 2014). Increased 
agricultural yields, enhanced carbon sequestration and soil bioremediation are 
some of the well known advantages in using mycorrhizas (Leake et al., 2004; 
Piotrowski and Rillig, 2008; Treseder, 2004; Vosátka and Albrechtová, 2009). 
Use of mycorrhizas in sustainable agriculture has also been well documented 
(Solaiman and Mickan, 2014). The network of mycorrhizal hyphae aid nutrient 
absorption of  nitrogen, potassium, Iron, Copper, Zinc  and Manganese  (Hamel, 
2004; Smith and Read, 2008). Mycorrhizas thus increase growth and biomass of 
the plant and act as transporters (Mathew and Malathy, 2006). Besides this, 
proper maintenance of this symbioses helps reduce the use of water and chemical 
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fertilizers (Hart and Trevors, 2005; Sharma and Adholeya, 2004; Subramanian et 
al., 2006; Verma and Arya, 1998; Wu and Xia, 2006). 
Moreover, extensive application of chemical fertilizers leads to a stage when the 
soil is not fit for cultivation due to hardnening of soil and decrease in soil 
fertility. Thus, biofertilizers have increasing benefits and there is an increasing 
focus on their use. Use of chemical fertilizers has been reduced by application of 
mycorrhizas in various field crops as documented in the research undertaken at 
TERI, India (Guar et al., 2000). 
4.2.1 Mycorrhizas 
Different types of mycorrhizas have been defined as explained in chapter 1 of this 
thesis. Among them, arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal 
fungi (ECM) are the most studied. ECM, over time, evolved due to increase in 
soil organic matter. In northern hemisphere forest soils, 95% and more boreal 
forest trees form this symbiosis (Seddas et al., 2009). AMF symbiosis represents 
the most ancient root associations (Krings et al., 2007; Redecker et al., 2000). 
They are mostly ubiquitous in nature with very consistent structural and 
functional characteristics. This chapter aims to study the AMF symbioses. 
Events in AMF symbiosis 
Event 1: Presymbiotic stage: 
This stage involves recognition of signals by fungus as well as plant roots 
(Harrison, 2005; Hause and Fester, 2005). For fungal recognition root exudates 
act as signals to activate the spore from an asymbiotic stage to an active pre-
symbiotic stage leading to branching of hyphae near the root (Buee et al., 2000). 
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During this phase of hyphal branching, in the root vicinity, root flavonoids levels 
tend to increase (Seddas et al., 2009).  
Event 2: Contact stage of AMF and roots: 
The first meeting of the fungus with the root leads to the development of the 
appresoria which is swollen fungal hyphae formed at the epidermis of the root 
where a minute infection peg develops and the hyphae enters the host root 
(Giovannetti et al., 1993). This structure is formed as a result of pre-symbiotic 
detection and is essential for the fungus to penetrate the root (Seddas et al., 2009). 
Event 3: Symbiotic stage: 
On entry into the root tissue the AMF propagates widely through the parenchyma 
cortex and forms prolifically branched haustoria-like structures known as 
arbuscules within the cortical cells. The symbiosis leads to exchange of nutrient 
between fungus and root (Gianinazzi-Pearson, 1996). Once arbuscules have 
developed they remain active for some days and then collapse (Smith and Read, 
2008). This process thus maintains regular nutrient transfer between the 
symbionts.  
4.2.2 Effect of mycorrhizal inoculations on plants 
Mycorrhizal inoculations have been documented to improve plant productivity. 
AMF inoculation of soyabean, corn, millet, trifoliate orange, rice and many 
tropical legumes has led to enhanced plant growth and yield thus enhancing 
economic impact of agriculture (Liu et al., 2007). Some examples of mycorrhizal 
studies include those on artichoke (Cynara cardunculus) inoculated with 
Rhizophagus intraradices and G. mossae (Ceccarelli et al., 2010), Ocimum 
basilicum inoculated with G. rosea (Copetta et al., 2006), Chlorophytum 
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boriviliianum inoculated with R. intraradices and G. mossae (Dave et al., 2011) 
and Salvia officinalis inoculated with R. intraradices (Geneva et al., 2010).  
Enhancement in the yield of secondary metabolites is also an important benefit of 
mycorrhizal inoculation. Symbioses impacts both primary and secondary 
metabolism (Schliemann et al., 2008) leading to changes in enzymatic activities 
(Marin et al., 2008) and physiological mechanisms which direct secondary 
metabolite accumulation (Fester et al., 2005; Lambais et al., 2003; Marulanda et 
al., 2007; Toussaint et al., 2007; Walter et al., 2000).  Essential oils of Origanum 
spp. have been shown to be increased under the influence of AMF symbiosis 
(Khaosaad et al., 2006). Secondary metabolism (active ingredients) is influenced 
by mycorrhizal associations of many medicinal plants such as Salvia miltiorrhiza, 
Glycyrrhiza inflata, Atractylodes macrocephala, Bupleuruin scorzonerifolium, 
Artemisia annua, and Atractylodes lancea, some endangered herbs, such as 
Panax ginseng, Panax notoginseng, and Paris polyphylla, some medicinal plants 
used for food (or additives), such as Coriandrum sativum, Mentha arvensis, and 
Ocimum basilicum (cited in Zeng et al., 2013). Thus, mycorrhizal associations 
hold true for increase in growth and productivity of plants. 
4.2.3 Root Organ culture: Effective tool for mycorrhizas 
production 
Conventional methods of mycorrhizal inoculum production have utilised soil 
based, aeroponics and hydroponics methods.Obtaining pure, sterile inoculum in 
bulk quantities in less time and space was a challenge to overcome due to 
increasing demand. Recent research has thus focussed on mass production of 
mycorrhizas using Agrobacterium rhizogenes transformed root cultures in in vitro 
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conditions known as root organ cultures (ROCs). This method has thus been 
utilized as a cost effective method over the traditionally used methods. There 
have been a number of reviews on the effectiveness of in vitro techniques over 
conventional methods of mycorrhizas production (for example, Douds et al., 
2000; Puri and Adholeya, 2013; Verma and Adholeya, 1996).  
Apart from high quality and increased production of mycorrhiza inoculum, ROC 
cultures have been widely used to study many of the fundamental aspects of 
AMF biology (Declerck et al., 2005). Along with this, detailed non-destructive 
observations, has provided essential information on structure and growth patterns 
of mycorrhizal association (De Souza et al., 2005; Voets et al., 2006; Voets et al., 
2009). 
4.2.4 Aims of the present study 
With the growing demand of medicinal plants and their products, there is a need 
to improve the growth and yield of these plants. Only few studies have, till now, 
concentrated on the use of mycorrhizas as biofertilizers for improving the yield of 
secondary metabolites in medicinal plants. Thus, the objectives of the current 
study assessed the ability of AMF to influence different growth parameters and 
secondary metabolite production in selected plant species: Withania somnifera, 
Tagetes erecta and Glycyrrhiza glabra under: 
1.  in situ (conventional set up) 
2. in vitro conditions (ROC’s). 
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4.2.4.1 Withania somnifera 
Many studies on W. somnifera and mycorrhizal inoculations are primarily 
concerned with reduction of soil borne pathogen, (Nagaraj and Sreenivasa, 2014), 
effectiveness of mycorrhizas on vegetative growth and absorption of nutrients 
from soil (Halder and Ray, 2006; Hosamani et al., 2011; Yaseen and Ibrar, 2011) 
but influence of mycorrhizas on secondary metabolite production has not been 
reported yet. To the best of my knowledge there has also been no report of 
attempts to establish ROC cultures of W. somnifera hairy root cultures with 
AMF. 
4.2.4.2 Tagetes erecta 
Inoculation studies (Calvet et al., 1993; Linderman and Davis, 2004), reporting 
alleviation of drought stress (Asrar and Elhindi, 2011) and implications in 
phytoremediation (Castillo et al., 2011) in presence of arbuscular mycorrhizal 
fungi, have been the subject of investigation. However, there are no studies on 
the influence that a mycorrhizal symbioses would have on secondary metabolite 
production of T. erecta. Also, till date there are no reports on attempt to establish 
ROC cultures between T. erecta hairy roots and AMF. 
4.2.4.3 Glycyrrhiza glabra 
Growth enhancement and increase in metabolite production of G. glabra 
following inoculation of AMF has been shown in several reports (Liu et al., 2014; 
Orujei et al., 2013; Yadav et al., 2013). Another important aspect of G. glabra is 
its low seed germination rate due to which micropropagation techniques are often 
employed. But these techniques which utilize rhizomes, stolons, or other cuttings 
also take some time for acclimatization following them being subjected to in situ 
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conditions. It has been observed that mycorrhization at this stage helps in 
reducing the problems in transient transplantation thus shortening the 
acclimatization period (Rai, 2001; Yadav et al., 2013). The current study has 
focused on the use of micropropagated plants and their growth and secondary 
metabolite production under the influence of mycorrhizas. 
Therefore, the present set of experiments has been designed to assess the 
compatible mycorrhizas with our targeted plant roots in in situ experimental set 
up. The selected mycorrhizas was then attempted for establishment of ROC using 
transformed hairy root system to investigate the effects of symbioses on growth 
parameters of hairy roots and secondary metabolite production. Also, in the 
present study bright field, confocal and electron microscopy studies were 
performed to improve our understanding of the infection process. 
4.3 Materials and methods 
4.3.1 Preliminary experiment 
This experiment was designed to determine for each of the three species the best 
mycorrhizal combination with respect to specific growth parameters and 
secondary metabolite production in an in situ experimental set up that could then 
be used further in the development of ROC’s (in vitro). Also, for W. somnifera 
and T. erecta there have been no reports on the response of these species to AMF 
colonization and the influence of mycorrhization on secondary metabolite 
production. As a means to investigate the best combination in situ the number of 
leaves, branches and nodes were determined as well as the length of internodes, 
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plant height, plant biomass, root length, nutrient accumulation, root colonization 
and secondary metabolite production in roots.  
4.3.1.1 Plant material  
Seeds of two W. somnifera (WS) germplasms  2 and 10 and T. erecta (TE) 
germplasms 1, 2 and 3 which were selected from Chapter 3, based on their ability 
to form hairy root cultures, and one micropropagated germplasm of G. glabra (as 
described in chapter 2) were used as the plant material. For surface sterilization, 
50 seeds of each germplasm of W. somnifera and T. erecta were washed in 
running tap water followed with washing in 0.2% w/v Tween 20 (Serva, 
Hyderabad, India) to remove any dust particles. This was followed with soaking 
in 0.1% w/v mercuric chloride (Qualigens, Mumbai) in water for 5 min. The 
seeds were then rinsed 5 times with sterilized distilled water to remove traces of 
mercuric chloride and then sown in sterilized soil in pots at 25 ± 2 °C for seed 
germination. In G. glabra plants, the rooted plants in micropropagated culture 
were deionized using 10 mM sodium citrate buffer (Doner and Becard, 1991), 
subsequently washed in sterile distilled water and transplanted into 40-celled  
hyco trays (Balaji Beej Bhandhar, New Delhi, India) filled with 30g of sterilized 
soil with each hyco tray having cell dimension of 90 × 40 mm (height × width).  
4.3.1.2 Experimental design 
For setting up the experiment, plastic root trainers (6 cm in diameter and 22 cm in 
height, Rajdeep suppliers, New Delhi, India) were first disinfected with 70% 
ethanol. The substrate used in the experiment was sterilized low nutrient soil 
which was cleaned, passed through 2 mm mesh size sieve with final soil pH 
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measured as 6.8. The soil was then sterilized for three times within an interval of 
two days at 121 °C for 20 min to eliminate any soil contamination (spores and 
fungal propagules). Before using, the soil was dried for 48 hrs in a hot air oven 
for maintaining 0% moisture level. Each root trainer was filled with 500 ml (w/v) 
of sterilized soil followed with addition of 1g of inoculum (25 spores mixed in 
soil) in a hole made in the soil. The inoculum was obtained from Centre for 
Mycorrhiza Culture Collection (CMCC), TERI, India which consisted of five 
different types of mycorrhizas. For control treatments, the inoculum used was 
autoclaved prior to adding in the soil. Three replicates were used for each 
treatment. A single three week old T. erecta, W. somnifera and G. glabra plant 
was transplanted in each root trainer in the same hole where the inoculum was 
administered. The hole was then covered with soil. Plants were irrigated daily 
with 50 mL of distilled water and fertilized every 15 days with Hoagland solution 
(Hoagland and Arnon, 1950). Plants were incubated in green house conditions for 
three months at 25 ± 2 °C with a 16 hour photoperiod. The experimental group 
thus included: (a) Control (b) root trainers with Rhizophagus intraradices 
(formerly known as Glomus intraradices) (c) root trainers with Claroideoglomus 
claroideum (formerly known as Glomus claroideum) (d) root trainers with 
Glomus hoi (e) root trainers with Claroideoglomus etunicatum (formerly known 
as Glomus etunicatum) (f) root trainers with Acaulospora delicata. All the 
arbuscular mycorrhiza fungal generic and species names were updated as 
documented by Schüßler and Walker (Schüßler and Walker, 2010). In the present 
study the older names has been used. 
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4.3.1.3 Morphological parameter assessed, plant harvesting, fresh 
and dry weight and root colonization determination   
Plant height, number of nodes, length of internodes, root length and number of 
branches with respect to the different plants used in the study were assessed for 
studying growth and development of plants under the in situ system. A ruler with 
1 mm graduations was used to assess plant height, from the base of the stem at 
soil level to the apical meristem, the length of internodes was also measured with 
the ruler. Harvested root lengths were recorded using a scanner (EPSON 
Perfection V 700, Delhi, India) and image analysis software (WinRHIZO®, 
version Pro2007, Quebec, Canada). Each parameter was assessed at the time of 
harvest. Harvesting of plant material was undertaken after three months 
incubation period. Plants were removed from soil and washed to remove any dust 
and adherent soil particles. The aerial part of the plant was separated from the 
roots, washed and blot dried on blotting paper and the roots were also washed and 
blot dried. All roots and aerial parts were separately wrapped in blotting paper 
and dried in a hot air oven (Salvis, Thermo Center Oven, Rotkreuz, Switzerland) 
at 30 °C. After one week, DW of aerial parts and roots were taken continuously 
every alternate day until it was constant for three consecutive days. Dry weights 
of the aerial part and roots of all plants were recorded.  
4.3.1.4 Quantitative estimation of Macro and Micronutrients 
Concentration of nutrients in the plant is associated with the plant total biomass 
which in order expresses the accessibility of the concerned nutrients from soil to 
the plant. For determination of concentration of nutrients in the plant tissues 
shoot material was analysed. The macronutrient elements Nitrogen (N), 
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Phosphorus (P) and Potassium (K) and the micronutrient elements Iron (Fe), Zinc 
(Zn), Copper (Cu) and Manganese (Mn) were analysed. Three replicates were 
used for each treatment. Powdered samples were weighed and then digested 
using di-acid (9 parts of nitric acid and 4 parts of perchloric acid) digestion on a 
hot plate in an acid-proof digestion chamber. The digestion was continued until 
the sample became colourless. The digested sample was allowed to cool followed 
by filtration using filter paper (Grade 1, Whatman Int. Ltd., Maidstone, England). 
Phosphorus was determined in the digested sample by following the vanado-
molybdo-phosphoric yellow colour method (Gupta and Gupta, 1999) using a 
spectrophotometer (Optics Technology, New Delhi, India) at 420 nm. Potassium 
was determined (Singh et al., 2005) using a flame photometer (Elico Model CL-
378, Hyderabad, India). Total metal content of the digested sample was 
determined using an Atomic Absorption Spectrophotometer (AAS, SOLAAR, 
TJA Solutions, UK) (Gupta and Gupta, 1999). For determination of total 
nitrogen, powdered sample was processed with Sulphuric acid (H2SO4) digestion 
followed by distillation with Sodium hydroxide (NaOH) in the Kel Plus Nitrogen 
estimation system (Classic DX, Pelican Equipments, Chennai, India). Distillation 
was followed with titration of the distillate collected from the Kel Plus distillation 
unit against 0.1 (N) H2SO4 (Das et al., 2011). 
4.3.2 Main Experiment: In vitro experimental set up 
This experiment was set up to establish arbuscular mycorrhizal dual cultures with 
hairy roots. Based on the preliminary experiment Rhizophagusintraradices was 
selected as the arbuscular mycorrhizal fungus to be used for the co-culture 
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experiment. The Agrobacterium rhizogenes transformed hairy root cultures of W. 
somnifera (WS10) and T. erecta (TE1, 2 and 3) selected from chapter 3 were 
used. 
4.3.2.1 Establishment of symbiosis/ Starter inoculum 
For dual culture establishment, 20 day old two hairy root tips (approximately 7 
cm in length) with 3-4 lateral branches were placed on M medium (BÉCard and 
Fortin, 1988) gelled with 0.3% phytagel (Sigma, Bangalore, India) at pH 5.4 in 
Petri plates (120 mm diameter). For establishing symbiosis, 100 sterile spores of 
R. intraradices were placed in the vicinity of the root tips. Ample number of 
common stock was prepared from the same mother cultures of hairy root and 
mycorrhiza spore source to maintain uniformity. These cultures were then 
incubated in a constant temperature cabinet (Lovibond, Dortmund, Germany) at 
26 ± 2 °C for 12 weeks in the dark and were observed under stereomicroscope 
(SZ16, Olympus, Japan) every alternate day for establishment of symbiosis and 
subsequent growth of colonized root cultures. A similar approach was used for 
establishing symbiosis in all hairy roots used in this study. 
4.3.2.2 Development and assessment of dual culture in Tagetes 
erecta 
The incubated plates were observed for extraradical mycelium and spore 
formation non-destructively on a stereozoom microscope (SZ16, Olympus, 
Japan). For assessing internal root colonization, harvested root segments were 
stained with the ink-vinegar staining method (as explained in 4.3.4.1) The stained 
roots were observed for hypha, arbuscules and vesicles. New spores formed in 
the established ROC and intraradically formed spores were tested for viability 
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using the MTT {3-(4, 5-dimethyl–2–thiazolyl)-2,5-diphenyl-2H tetrazolium 
bromide} assay (Sigma, Mumbai, India). A 0.01% MTT solution was prepared 
and roots and spores were incubated in the solution for 40 hrs at 26 ± 2 ºC in dark 
and were observed for viability under the stereozoom microscope.  
4.3.2.3 Establishment of dual culture in Withania somnifera: 
Trouble shooting 
Using the above method of colonization for W. somnifera was not successful and 
therefore three new methods were tested.  
Treatment 1: Cotton plug method.This method was proposed on the basis that 
the colonization may have been hindered due to the presence of excess of 
phenolics in the media excreted by the hairy roots. The use of cotton plug would 
absorb the excess phenolics, thus helping in the colonization. For this, during 
pouring of M media in the petri dish a cotton plug was first placed at one end of 
the Petri plate. The Petri plate was kept undisturbed till solidification of the 
media 
Treatment 2: Soil extract method.This method was proposed on the basis that 
soil components could be a supportive factor for absorbing any toxic metabolite 
that was released in the media, as in proof of W. somnifera symbiosis with 
mycorrhizas in the in situ preliminary experiment. For this rich loam soil was 
collected, sieved (52 British Standard Sieve, Industrial Wire Netting Co., New 
Delhi. India) and then air dried. Seived 10 g of soil was made up to 100 ml with 
distilled water and was properly mixed and left undisturbed. The supernatant was 
collected and filtered using whatmann filter paper followed with filter 
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sterilization (0.22 μm). This extract was then used to prepare 10% M media soil 
extract. 
Treatment 3: Bi-compartmental plate method.This method was proposed on 
the basis that bi-compartmental plates offer actively growing spores and hypha on 
the non-sucrose part of the plate and thus under stress, the hairy roots would be 
dependent on the symbiosis to draw nutrition. For this method, bi-compartmental 
plate on one side was filled with M media supplemented with sucrose and on one 
side without sucrose (BÉCard and Fortin, 1988). After solidification, 6 weeks 
colonized roots from already established culture of R. intraradices and carrot 
roots obtained from TERI was placed in the sucrose side of the plate. These 
plates were then incubated (Lovibond, Dortmund, Germany) at 26 ± 2 °C in dark.  
Roots crossing over into the distal side were removed regularly. The plates were 
observed weekly under a stereomicroscope (SZ16, Olympus, Japan) for hyphae 
crossing the barrier and sparse sporulation in the non-sucrose end. After this W. 
somnifera hairy root cultures were inoculated in the non-sucrose part of the plate 
and regularly observed for growth and colonization. 
4.3.3 Mycorrhizas as a biotic elicitor: Growth kinetics of 
colonized hairy root cultures of Tagetes erecta 
On the basis of successful establishment determined from the above assessment 
parameters TE1, was selected to study the influence of mycorrhizal symbioses of 
the ROC on root biomass, root length, spore count, root colonization and 
secondary metabolite concentration in comparison with normal hairy root 
cultures over three different time periods. This experiment also provided an 
indication of how well the mycorrhizas acted as a biotic elicitor in in vitro. 
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4.3.3.1 Growth Kinetics: Experimental design 
Colonized six week old  hairy roots segments (7-8 cm), along with 2 cm2 of the 
underlying gel, as well as approximately 100-125 R. intraradices spores were 
inoculated in a 350 mL capacity jar containing 100 mL of M media (pH 5.4), 
gelled using 0.3% phytagel (Sigma-Aldrich). Three time points- 4, 8 and 12 
weeks were selected for analysis. Six replicates were maintained for each time 
point and were incubated at 26 ± 2 0C. These cultures were then incubated in the 
dark and were observed under a stereomicroscope (SZ16, Olympus, Japan) every 
week for growth of colonized root cultures. Uncolonized controls were set up 
using the same approach. 
4.3.3.2 Determination of root length, root biomass, root 
colonization and spore count 
The experimental units were harvested at 4, 8 and 12 weeks after inoculation or 
mock inoculation to analyse the root length, root biomass, root colonization and 
spore count in the colonized and uncolonized hairy root cultures of TE1. To 
access the roots and spores, the media attached to roots was deionized using 10 
mM sodium citrate buffer (Doner and Becard, 1991) by placing the root system 
in the buffer at 25 °C for 30 min at 100 rpm in an incubator shaker (Kuhner 
Shaker, Basel, Switzerland). Roots and spores were collected using two sieves 
kept one on the top (52 BSS) of the other (325 BSS) (British Standard Sieve, 
Industrial Wire Netting Co., New Delhi. India)  and were then washed with 
distilled water. Root elongation, measured as total root length of the harvested 
roots was recorded using image analysis software WinRHIZO® (version Pro2007, 
Quebec, Canada) and a scanner (EPSON Perfection V 700, Delhi, India). After 
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this the roots were blot dried and fresh weight was recorded. This was followed 
with lyophilisation of samples (Labconco lyophilizer, United States of America) 
at −94.3 °C and 141 kPa for 72 h. Dry weight of the lyophilized roots were 
recorded. Representative samples of roots were then stained using 3% ink and 
vinegar staining method (as explained in 4.3.4.1 section) and for the 
quantification of the percentage of mycorrhizal colonization stain (Biermann and 
Linderman, 1981). Spore production was analyzed by counting the extraradical 
spores under stereomicroscope (SZ16, Olympus, Japan).  
4.3.4 Microscopic analysis of arbuscular mycorrhizal fungi in 
roots 
For improved visualization of the infection process and to interpret the features of 
interaction a combination of bright field, confocal and scanning electron 
microscopy was used. 
4.3.4.1 Bright field microscopy: Measurement of root colonization 
(Ink and Vinegar Staining) 
For observation of colonization under bright field microscopy, harvested roots 
were stained with an ink and vinegar staining method. The staining solution 
consisted of 3% ink (Chelpark, Fountain Pen Ink, New Delhi, India) diluted in 
3% acetic acid (Qualigens, Mumbai, India) (Vierheilig et al., 1998). In this 
method, first the roots were treated with 3% Potassium hydroxide ( KOH, 
Qualigens, Mumbai, India)  for 10 min at 65 °C in a water bath (Heto HMT 200, 
Heto Lab Equipment, Denmark); and then the roots were thoroughly washed 
under distilled water. This was followed with addition of 1% HCl (Fischer 
Scientific, Mumbai, India) to the KOH treated roots for 5 min followed with 
Chapter 4 Mycorrhiza 
  
126 
 
addition of 3% ink and vinegar staining solution. The roots were left for 
overnight to absorb the stain. After incubation the roots were destained with 5% 
acetic acid till all excess stain was removed.  Lactoglycerol (lactic acid and 
glycerol, both obtained from Qualigens, Mumbai, India) was used to store the 
roots till further observation (Phillips and Hayman, 1970). After this root 
segments were cut into 1cm pieces and mounted on a slide and covered with a 
cover glass. Prepared slides were then observed under a compound microscope 
(CH, Olympus, Japan) for visualization of hypha, arbuscules and vesicles and for 
estimating root colonization. Frequency distribution of colonization from samples 
containing 50 root segments was recorded. The percentage of root length with 
mycorrhizal fungi in the samples was calculated from the frequency distribution. 
In this method, percentage of the root segment colonized with AMF was 
multiplied by the frequency of occurrence of that percentage of infection in the 
whole sample. Final AMF colonization percentage was determined by dividing 
the total colonization infection after frequency distribution estimation with the 
total number of segments analysed. Three replicates of germplasm with 
respective AMF inoculation (each replicate having 50 segments) were used for 
analysis. 
4.3.4.2 Confocal Laser Scanning Microscopy (CLSM) 
AMF structures were visualized using non-destructive confocal laser scanning 
microscopy with no staining (which usually involves clearing and thus killing of 
roots). The property of autofluorescence in the mycorrhizal structures was used 
for visualization of mycorrhizal infection. Selected root segments were first 
washed with sterile distilled water and then blotted dried. The sample was then 
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placed on a cover glass (22 × 40 mm, Blue star; New Delhi India) with a drop of 
lactoglycerol. Fluorescence was excited with 488 nm wavelength band of an 
argon laserusing a confocal laser scanning microscope (LSM-710; Carl Zeiss 
Microimaging GmbH, Jena, Germany) and images acquired and processed using 
inbuilt software (Zen 2010). 
4.3.4.3 Scanning Electron Microscopy (SEM) 
Selected root segments were fixed in 2.5% glutaraldehyde (Sigma, Bangalore, 
India) in 20 mM phosphate buffer (pH 7) for 4 hrs at room temperature in dark. 
These segments were then rinsed three times with the same buffer and then were 
dehydrated in an ascending series of ethanol up to 100% with 20 min incubation 
at room temperature at each concentration. The root segments were then dried to 
critical point using liquid CO2 (Emitech 6850, TABB, Birkhshire, UK) at 500 to 
1000 psi. and were mounted on an aluminum stub and coated with a thin layer of 
gold palladium for 90 seconds at 15 mA (SC7620, Sputter Coater, Quorum, 
Birkhshire, U.K). Observations were carried out on a Carl Zeiss scanning 
electron microscope (EVO MA10, Carl Zeiss Microimaging GmbH, Jena, 
Germany) 
4.3.5 Extraction and quantitative analysis using HPLC  
All extraction methodologies and HPLC programming followed is similar to 
chapter 2 (section 3.3.7.2) for W. somnifera and chapter 1 (section 2.3.7) for T. 
erecta and G. glabra. 
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4.3.6 Statistical analysis 
All data was analysed using a commercial software package (SPSS Statistics 22, 
IBM). One way analysis of variance (ANOVA) was used to compare growth 
parameters and secondary metabolite concentration in the different species and 
their germplasms inoculated with different AMF. Statistical significance was 
determined at the p < 0.05 level using the Duncan post-hoc test. 
4.4 Results 
4.4.1 Preliminary experiment results 
Significant results were obtained from the analysis of the preliminary experiment 
in the in situ condition in all the plants and there germplasms. Observations 
indicated that AMF inoculation significantly increased the development of plants. 
4.4.1.1 Effects of AMF on the growth and development of W. 
somnifera, T. erecta and G. glabra   
4.4.1.1.1 Withania somnifera 
In W. somnifera germplasms WS2 and WS10, the plants were successfully 
established following to the experimental conditions (Fig. 4.1). All mycorrhiza 
inoculated plants were significantly better than the control plants Plants 
inoculated with R. intraradices were more responsive than those inoculated with 
the other AMF (Fig. 4.1d and table 4.1 and 4.2). . Plant height was highest in R. 
intraradices inoculated WS2 (9.50 ± 0.01 cm) among other AMF inoculations. 
However, there was no significant difference found in the plant height in WS10 
germplasm inoculated with mycorrhizas. In WS2, the height of plants inoculated 
with R. intraradices (9.50 ± 0.01 cm) was followed by A. delicata inoculation 
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(9.00 ± 0.50 cm) but no significant difference was observed between the 
inoculations. AMF inoculations increased the fresh weight and dry weight of the 
plants significantly when compared with control. Highest biomass was observed 
in R. intraradices with 2.85 ± 0.02 g and 5.32 ± 0.25 g fresh weights in WS2 and 
WS10 respectively and 0.15 ± 0.01 g and 0.56 ± 0.04 g dry weights in WS2 and 
WS10 respectively. In descending order the weight after R. intraradices 
inoculation was followed by that found after inoculation of A. delicata, C. 
claroideum, C. etunicatum and G. hoi in WS2 and G. hoi, C. etunicatum, C. 
claroideum and A. delicata in WS10. Similarly the number of nodes and number 
of leaves in both germplasms was significantly higher in plants inoculated with R. 
intraradices as shown in table 4.1 and 4.2. However, the length of internodes was 
not significantly different between the different AMF inoculations but all were 
significantly higher than the control. Root length also showed a similar trend with 
plants inoculated with R. intraradices showing significantly higher root length in 
WS2 (345.96 ± 41.59 cm) and WS10 germplasm (659.52 ± 24.63 cm). Thus, it 
was observed in the growth parameters analysed in W. somnifera that R. 
intraradices had the most positive effect on growth in both germplasms but also 
there were differences in growth response depending upon the species AMF 
inoculant among the individual germplasms. 
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Figure 4.1  Withania somnifera germplasm 10 and AMF inoculations in the in 
situ experimental set up a) initial experiment set up, day 0. b) Growth of plants 
after 4 weeks. c) Growth of plants after 12 weeks. d) Growth comparison 
between all treatments, C = Control, M1 = Glomus hoi, M2 = Claroideoglomus 
etunicatum, M3 = Claroideoglomus claroideum, M4 = Rhizophagus intraradices, 
M5 = Acaulospora delicata. 
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Table 4.1 Growth parameters of W. somnifera germplasm 2 (WS2) at 12 weeks 
Growth 
parameters 
Control Glomus 
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
Plant height 
(cm) 
3.05 ± 
0.05 c 
8.75 ± 
 0.75 ab  
7.25 ±  
0.25 b 
8.50 ±  
0.50 ab 
9.50 ± 
 0.01 a 
9.00 ± 
0.50 a 
Fresh weight 
(g) 
0.27 ±  
0.01 c 
1.73 ±  
0.01 b 
1.37 ± 
0.05 b 
1.84 ± 
0.37 b 
2.85 ± 
0.02 a 
2.25 ±  
0.57 ab 
Dry weight  
(g) 
0.01 ± 
0.01 d 
0.07 ± 
0.08 c 
0.08 ± 
 0.01 c 
0.09 ± 
 0.08 bc 
0.15 ±  
0.01 a 
0.12 ±  
0.07 ab 
Leaves 3.00 ± 
 0.01 f 
8.50 ±  
0.50 d 
7.00 ± 
 0.01 e 
12.00 ±  
0.01 b 
15.00 ± 
 0.01 a 
10.50 ± 
 0.50 c 
Nodes 6.50 ± 
 0.50 c 
12.00 ± 
 0.01 ab  
8.00 ±  
0.01 c 
12.00 ±  
1.00 ab 
14.00 ±  
1.00 a 
11.50 ±  
0.50 b 
Length of 
internodes 
(cm) 
0.80 ±  
0.01 b 
0.90 ±  
0.10 ab 
1.00 ±  
0.01 a 
1.00 ±  
0.01 a 
1.00 ±  
0.01 a 
1.00 ± 
 0.01 a 
Root length 
(cm) 
78.78 ± 
10.89 d 
162.94 ± 
44.38 cd 
224.50 ± 
23.61 bc 
271.36 ± 
15.19 ab 
345.96 ± 
41.59 a 
216.36 ±  
5.25 bc 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
 
Table 4.2 Growth parameters of W. somnifera germplasm 10 (WS10) at 12 
weeks 
Growth 
parameters 
Control Glomus 
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
Plant height 
(cm) 
3.65 ±  
0.15 b 
10.00 ± 
0.75 a 
10.00 ±  
0.01 a 
10.00 ±  
1.00 a 
11.25 ±  
1.75 a 
10.75 ±  
0.50 a 
Fresh 
weight (g) 
0.44 ± 
 0.05 d 
4.59 ± 
0.15 ab 
4.04 ± 
0.20 bc 
4.01 ±  
0.63 bc 
5.32 ±  
0.25 a 
3.55 ±  
0.05 c 
Dry weight 
(g) 
0.03 ±  
0.02 c 
0.47 ± 
0.08 ab 
0.40 ±  
0.05 b 
0.39 ±  
0.06 b 
0.56 ±  
0.04 a 
0.34 ±  
0.02 c 
Leaves 4.50 ± 
 0.50 e 
10.50 ± 
0.50 cd 
8.00 ±  
0.01 d 
13.50 ±  
0.50 b 
20.50 ±  
1.50 a 
11.50 ±  
0.50 bc 
Nodes 8.50 ±  
0.50 d 
14.50 ± 
1.50 ab 
13.00 ±  
0.01 c 
15.50 ±  
1.50 ab 
17.00 ±  
1.00 a 
13.00 ±  
1.00 c 
Length of 
internodes 
(cm) 
0.85 ± 
0.05 c 
1.50 ± 
0.01 a 
1.30 ±  
0.20 ab 
1.15 ±  
0.05 b 
1.50 ±  
0.01 a 
1.50 ±  
0.01 a 
Root length 
(cm) 
106.6 ±  
7.28 d 
555.97 ± 
19.07 b 
481.64 ± 
19.98 c  
617.53 ± 
17.41 bc 
659.524 ± 
24.63 a 
462.82 ±  
26.23 c 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
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4.4.1.1.2 Tagetes erecta 
In T. erecta it was observed (Fig. 4.2) that this species grew successfully in the 
experimental set up. All the three germplasms tested showed increased growth 
and development following mycorrhizal inoculation compared with the control 
plants. The results demonstrated that plant height in TE1, 2 and 3 (14.00 ± 0.28, 
12.83 ± 0.16 and 9.66 ± 0.16 cm respectively) inoculated with R. intraradices 
were significantly higher than the same germplasm inoculated with the other 
species of AMF. Similarly, fresh weight and dry weight was observed to be 
significantly higher in all three germplasms following inoculation with R. 
intraradices (Table 4.3, 4 and 5). In TE1, it was observed that the number of 
leaves, root length and length of internodes was significantly higher in plants 
inoculated with R. intraradices followed by those inoculated with A. delicata, C. 
claroideum. G. hoi and C. etunicatum. However, there was no significant 
difference between the number of nodes in TE 1 inoculated with R. intraradices 
and C. claroideum (Table 4.1). In the TE2 germplasm the number of leaves and 
nodes and length of internodes were significantly higher in R. intraradices 
inoculated plants. However, there was no difference in root length in plants 
inoculated with R. intraradices and A. delicata (Table 4.2). In TE3, the number 
of leaves, number of nodes and root length were not significantly different in 
plants inoculated with R. intraradices, G. hoi and A. delicata. Moreover, length 
of internodes was not significantly different between inoculant types. However, 
values were all greater for R. intraradices inoculated plants for all germplasms 
(Table 4.3). 
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Figure 4.2 Tagetes erecta germplasm 1 and AM inoculations in the in situ 
experimental set up. a) Growth of plants after 4 weeks. b) Growth of plants after 
12 weeks. c) Growth comparison between all treatments, C = Control, M1 = 
Glomus hoi, M2 = Claroideoglomus etunicatum, M3 = Claroideoglomus 
claroideum, M4 = Rhizophagus intraradices, M5 = Acaulospora delicata 
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Table 4.3 Growth parameters of T. erecta germplasm 1 (TE1) at 12 weeks 
Growth 
parameters 
Control Glomus 
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
Plant 
height (cm) 
4.00 ± 
 0.57 d 
9.33 ±  
0.33 b 
6.16 ±  
0.16 c 
8.66 ±  
1.20 b 
14.00 ± 
 0.28 a 
10.00 ±  
0.50 b 
Fresh 
weight (g) 
0.16 ±  
0.01 e 
0.84 ± 
 0.63 c 
0.38 ± 
 0.17 d 
0.95 ± 
 0.17 e 
1.76 ± 
 0.73 a 
1.09 ±  
0.31 b 
Dry weight 
(g) 
0.03 ± 
 0.02 d 
0.13 ±  
0.01 b 
0.08 ±  
0.02 c 
0.13 ±  
0.06 b 
0.17 ± 
0.08 a 
0.14 ±  
0.07 ab 
Leaves 5.33 ± 
 0.33 d 
14.00 ±  
0.21 bc 
13.33 ±  
0.33 c 
14.33 ±  
0.33 bc 
19.00 ±  
1.00 a 
15.33 ±  
0.66 b 
Nodes 4.00 ± 
 0.21 c 
6.00 ±  
0.21 ab 
5.33 ±  
0.33 b 
6.33 ±  
0.33 a 
6.66 ± 
0.33 a 
6.00 ± 
 0.21 ab 
Length of 
internodes 
(cm) 
1.50 ±  
0.21 d 
2.16 ± 
 0.33 bc 
1.40 ± 
 0.21 cd 
1.90 ±  
0.20 bcd 
3.33 ± 
 0.33 a 
2.5 ±  
0.21 b 
Root 
length (cm) 
11.40 ±  
0.25 e 
146.20 ± 
11.91 c 
53.88 ± 
 6.29 d  
158.18 ± 
16.92 c 
385.42 ±  
25.11 a 
304.70 ± 
 06.07 b 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table 
 
Table 4.4 Growth parameters of T. erecta germplasm 2 (TE2) at 12 weeks 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
Growth 
parameters 
Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
Plant 
height (cm) 
4.00 ±  
0.57 d 
10.33 ±  
0.33 b 
5.33 ±  
0.16 c 
11.00 ± 
 0.21 b 
12.83 ± 
 0.16 a 
10.50 ±  
0.76 b 
Fresh 
weight (g) 
0.10 ±  
0.01 d 
0.96 ±  
0.02 c 
0.36 ± 
 0.01 e 
0.78 ±  
0.02 d 
1.27 ±  
0.04 a 
1.04 ±  
0.01 b 
Dry weight 
(g) 
0.02 ± 
 0.01 d 
0.11 ±  
0.01 b 
0.06 ±  
0.02 c 
0.11 ±  
0.01 b 
0.14 ±  
0.03 a 
0.11 ±  
0.01 b 
Leaves 4.33 ±  
0.33 e 
16.00 ± 
 0.21 ab 
14.66 ± 
 0.66 cd 
15.66 ±  
0.33 bc 
17.00 ±  
0.57 a 
14.00 ±  
0.21 d 
Nodes 4.00 ± 
 0.57 c 
6.33 ± 
 0.33 ab 
5.33 ±  
0.33 b 
6.33 ± 
0.33 ab 
6.66 ±  
0.33 a  
6.00 ±  
0.21 ab 
Length of 
internodes 
(cm) 
1.00 ±  
0.21 c 
2.00 ± 
 0.01 b 
1.43 ±  
0.06 c 
2.00 ±  
0.28 b 
3.00 ± 
 0.28 a 
2.43 ±  
0.06 b 
Root 
length (cm) 
13.98 ± 
 0.31 d 
170.14 ±  
7.44 b 
73.79 ± 
10.03 c 
151.10 ± 
13.52 b 
265.31 ± 
11.18 a 
256.59 ±  
16.22 a 
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Table 4.5 Growth parameters of T. erecta germplasm 3 (TE3) at 12 weeks 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
4.4.1.1.3 Glycyrrhiza glabra 
In G. glabra, micropropagated plants were first transplanted into hycotrays 
followed with transplantation into pots with AMF inoculum. It was observed that 
except for those plants inoculated with G. hoi, all AMF inoculated plants showed 
high vigour in growth and development when compared to control plants (Fig. 
4.3). In the experiment, since G. glabra plant takes time to establish, grow and 
develop, two harvest periods were selected (3 and 6 months). In G. glabra, plants 
inoculated with C. etunicatum and C. claroideum showed significantly better 
growth and response followed by those inoculated with R. intraradices and A. 
delicata for both harvest intervals. G. hoi inoculated plants however, showed a 
poor response when compared to controls and also to those plants inoculated with 
the other AMF species. Plant height in both harvests was significantly higher for 
inoculation with C. etunicatum, 41.50 ± 4.64 cm at 3 months and 65.26 ± 4.21 cm 
Growth 
parameters 
Control Glomus 
 hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus  
intraradices  
Acaulospora 
delicata 
Plant 
height (cm) 
3.00 ± 
 0.57 d 
8.33 ±  
0.16 b 
5.33 ±  
0.16 c 
7.33 ±  
0.16 b 
9.66 ±  
0.16 a 
7.33 ±  
0.72 b 
Fresh 
weight (g) 
0.14 ±  
0.01 e 
0.59 ±  
0.07 c 
0.29 ±  
0.03 d 
0.56 ±  
0.04 c 
1.14 ±  
0.03 a 
0.98 ±  
0.02 b 
Dry weight 
(g) 
0.03 ±  
0.02 d 
0.11 ±  
0.03 ab 
0.06 ±  
0.01 c 
0.09 ±  
0.01 bc 
0.14 ±  
0.02 a 
0.11 ±  
0.01 b 
Leaves 3.33 ±  
0.33 b 
14.00 ±  
0.21 a 
14.00 ± 
0.21 a 
14.33 ±  
0.21 a 
13.33 ±  
0.66 a 
14.00 ±  
0.21 a 
Nodes 4.66 ±  
0.33 d 
7.33 ±  
0.33 a 
5.33 ±  
0.33 cd 
6.00 ±  
0.57 bc 
7.66 ±  
0.33 a 
6.66 ±  
0.33 ab 
Length of 
internodes 
(cm) 
1.00 ±  
0.21 b 
2.06 ±  
0.06 a 
1.56 ±  
0.23 ab 
2 .00±  
0.57 a 
2.06 ±  
0.06 a 
2 .00 ±  
0.21 a 
Root 
length (cm) 
11.70 ±  
0.09 d 
137.65 ± 
18.93 b 
51.48 ±  
8.75 c  
126.69 ± 
 3.41 b 
226.1 ±  
6.35 a 
216.41 ±  
9.92 a 
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at 6 months. Fresh weight and dry weight and number of leaves were highest in 
those plants inoculated with C. etunicatum in both the harvests (Table 4.6 and 
4.7). Number of nodes and length of internodes were higher in those plants 
inoculated with C. etunicatum in both harvest periods. However, there was no 
significant difference found among the treatments. Root length was highest in 
those plants inoculated with C. etunicatum at 3 months (699.7± 13.43 cm) at 6 
months (908.95 ± 40.54 cm) followed by those plants inoculated with C. 
claroideum. However, there was no significant difference between the two above 
two treatments as shown in table 4.6 and 4.7. The results showed that G. hoi 
inoculated plants were significantly different from control plants at 6 months of 
harvest. However, the results show that there is a significant difference from 
between G. hoi and the other AMF inoculations especially in case of plant height, 
plant biomass, number of leaves and root length.  
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Figure 4.3  Glycyrrhiza glabra and AMF inoculations in the in situ experimental 
set up. a) Micropropagated 8 weeks old plant. b) Initial stabilization of plant after 
transplantation in hycotray. c) Growth of plants after 12 weeks. d) Growth 
comparison between all treatments, C = Control, M1 = Glomus hoi, M2 = 
Claroideoglomus etunicatum, M3 = Claroideoglomus claroideum, M4 = 
Rhizophagus intraradices, M5 = Acaulospora delicata 
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Table 4.6  Growth parameters of G. glabra at 12 weeks 
Growth 
parameters 
Control Glomus  
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
Plant 
height (cm) 
6.73 ±  
1.15 c 
6.83 ±  
0.83 c 
41.50 ±  
4.64 a 
33.73 ±  
1.88 ab 
28.16 ±  
4.28 ab 
24.50 ±  
8.72 b 
Fresh 
weight (g) 
0.18 ±  
0.04 d 
0.26 ±  
0.02 d 
4.89 ±  
0.30 a 
4.58 ±  
0.15 a 
3.44 ±  
0.21 b 
1.44 ±  
0.22 c 
Dry weight 
(g) 
0.01 ±  
0.03 d 
0.04 ±  
0.01 d 
0.59 ±  
0.03 b 
0.83 ±  
0.03 a 
0.44 ±  
0.03 c 
0.48 ±  
0.02 c 
Leaves 26.33 ±  
4.37d 
30.33 ±  
2.90 d 
119.33 ± 
1.85 a 
103.66 ± 
4.09 b 
97.00 ±  
8.18 b 
50.66 ±  
5.54 c 
Nodes 7.33 ±  
0.88 c 
8.33 ±  
0.33 c 
19.66 ±  
0.33 a 
19.33 ±  
0.66 a 
18.33 ±  
1.20 a 
13.00 ±  
1.15 b 
Length of 
internodes 
(cm) 
1.76 ±  
0.14 a 
1.83 ±  
0.16 a 
2.33 ±  
0.60 a 
1.50 ±  
0.28 a 
1.50 ±  
0.28 a 
1.50 ±  
0.28 a 
Root 
length (cm) 
67.54 ±  
3.29 c 
104.75 ± 
4.16 c 
699.7 ± 
13.43 a 
507.73 ± 
39.93 a 
431.32 ± 
29.10 b 
475.86 ±  
29.95 b 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
 
Table 4.7  Growth parameters of G. glabra at 24 weeks 
Growth 
parameters 
Control Glomus 
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
Plant 
height (cm) 
6.83 ± 
0.44 c 
15.50 ±  
7.29 c 
65.26 ±  
4.21 a 
61.76 ±  
4.69 b 
48.4 ±  
2.34 ab 
47.66 ±  
7.16 b 
Fresh 
weight (g) 
0.34 ±  
0.07 d 
0.56 ±  
0.08 d 
7.52 ±  
0.81 a 
7.14 ±  
0.42 a 
5.93 ±  
0.32 b 
3.57 ±  
0.33 c 
Dry weight 
(g) 
0.12 ±  
0.02 c 
0.17 ±  
0.07 c 
2.26 ±  
0.12 a 
1.88 ±  
0.31a 
1.35 ±  
0.11 b 
1.17 ±   
0.08 b 
Leaves 14.00 ±  
1.73 c 
40.33 ± 
17.16 c 
187 ±  
27.22 a 
168.33 ±  
18.27 ab 
173.33 ± 
6.11 ab 
123.66 ±  
17.9 b 
Nodes 8.66 ±  
0.33 b 
12.66 ±  
3.66 b 
24.33 ±  
0.33 a 
22.33 ±  
1.20 a 
21.33 ±  
0.88 a 
20.66 ±  
2.60 a 
Length of 
internodes 
(cm) 
1.50 ±  
0.21 b 
1.83 ±  
0.33 b 
3.83 ±  
0.16 a 
3.33 ±  
0.33 a 
3.66 ±  
0.16 a 
3.16 ±  
0.16 a 
Root 
length (cm) 
170.77 ± 
 9.12 d 
165.52 ± 
6.69 d 
908.95 ±  
40.54 a 
856.61 ±  
33.75 a 
767.91 ± 
39.82 b 
673.11 ± 
16.51 c 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
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These results show that there is clearly increased vegetative growth in W. 
somnifera, T. erecta and G. glabra plants inoculated with mycorrhizas compared 
with untreated controls. 
4.4.1.2 Analysis of AMF colonization in W. somnifera, T. erecta 
and G. glabra using bright field, confocal and electron microscopy 
4.4.1.2.1 Bright field microscopy of mycorrhizal colonisation 
It was observed (Fig. 4.4) that roots stained with ink and vinegar staining solution 
showed arbuscules, vesicles and hypha in the root segments depicting the 
successful colonization of roots. No AMF colonization was observed in control 
plants. Root colonization percentage varied between the different AMF species. 
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Figure 4.4  Light microscopic images of different mycorrhizal species stained 
with ink and vinegar solution in the in situ roots of W. somnifera, T. erecta and 
G. glabra. (a) to (d) T. erecta roots colonized with A. delicata, R. intraradices, C. 
claroideum, C. etunicatum respectively (a) hypha (h) found in the whole length 
of root. (b) Vesicle (v) in the colonized root. (c) and (d) active arbuscules seen 
fully filled in the cortical cells. (e) to (g) G. glabra roots colonized with C. 
etunicatum, C. claroideum and R. intraradices showing arbuscules (a). (h) to (l) 
W. somnifera colonized roots with R. intraradices, A. delicata, G. hoi, C. 
claroideum and C. etunicatum respectively showing vesicles (v), active 
arbuscules (aa), branching hypha (bh), hyphae (h) and external hypha (eh) 
surrounding the root surface for probable penetration inside the root. Scale bar in 
a, b, c, d, f, g, h, j, k and l represents 100 μm and e and i represents 10 μm. 
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In W. somnifera, the percent of root colonization is presented in table 4.8. A high 
degree of mycorrhizal colonization was observed with R. intraradices in WS2 
(35.00 ± 5.00 %) and WS10 (42.50 ± 2.50 %). In WS2, the root percent 
colonization was not significantly different between the AMF species. However, 
significant differences were seen among species in WS10 with R. intraradices 
having significantly higher colonization percentage followed by that of C. 
claroideum and A. delicata. There were no significant differences in colonization 
between G. hoi and C. etunicatum.  
Table 4.8  Mycorrhizal colonization (%) in the root system of W. somnifera 
germplasm 2 (WS2) and 10 at 12 week 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the columns of the table. 
 
 
In. T. erecta, in all the germplasms it was observed that R. intraradices percent 
colonization was significantly different between the germplasms (TE1-73.33 ± 
3.33 %, TE2-71.66 ± 1.66 %, TE 3-70.33 ± 3.33 %). Colonization by R. 
AMF species WS 2 WS 10 
Control -- -- 
Glomus hoi 25.00 ± 5.00 a 25.00 ± 5.0 c 
Claroideglomus 
etunicatum 
30.00 ± 5.00 a 25.00 ± 5.00 c 
Claroideglomus  
claroideum 
32.50 ± 12.50 a 37.50 ± 2.50 ab 
Rhizophagus  
intraradices  
35.00 ± 5.00 a 42.50 ± 2.50 a 
Acaulospora 
 delicata 
27.50 ± 7.50 a 30.00 ± 0.10 bc 
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intraradices was greatest followed by A. delicata, C. claroideum, G. hoi and C. 
etunicatum in all the three germplasms (Table 4.9). Among all the three 
germplasms it was observed that the highest % of colonization was fouind in the 
TE1 germplasm. 
Table 4.9 Mycorrhizal colonization (%) in the root system of T. erecta (TE1, 2, 
3) germplasms at 12 weeks 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the columns of the table. 
 
 
 
In G. glabra, it was observed that C. etunicatum had the maximum affinity to the 
plant followed with C. clariodeum (Table 4.10). The colonization percentage 
after 3 months showed no significant difference found between the AMF species. 
However, it was observed that as the incubation period increased better 
colonization percentages were observed. At the 6 month time point, the highest 
root colonization was found for C. etunicatum (73.33 ± 3.33 %) followed by C. 
AMF species TE 1 TE2 TE3 
Control -- -- -- 
Glomus hoi 45.00 ± 
2.88 c 
36.00 ± 
3.78 b 
28.33 ±  
1.66 c 
Claroideglomus 
etunicatum 
30.00 ± 
 5.77 b 
26.66 ±  
3.33 d 
20.00 ±  
0.21 d 
Claroideglomus  
claroideum 
50.00 ±  
2.88 c 
43.33 ±  
4.40 b 
38.33 ±  
1.66 b 
Rhizophagus 
intraradices  
73.33 ±  
3.33 a 
71.66 ±  
1.66 a 
70.33 ±  
3.33 a 
Acaulospora  
delicata 
61.66 ±  
1.66 b 
45.00 ±  
7.63 b 
41.66 ±  
1.66 b 
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claroideum (71.66 ± 1.66 %). However, there was no significant difference 
observed between them. Significant differences were found between the above 
two and R. intraradices, A. delicata and G. hoi. Instead of poor growth 
parameters the colonization observed at 6 month for G. hoi was 45.00 ± 2.88 % 
which was near to that of A. delicata (50.00 ± 2.88 %), however, with no 
significant difference between the two. 
Table 4.10 Mycorrhizal colonization (%) in the root system of G. glabra at 3 and 
6 months  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the columns of the table. 
 
4.4.1.2.2 Confocal Laser scanning microscopy of mycorrhizal 
colonisation 
Confocal microscopy was used to observe the finer details of colonization by the 
AMF species of root segments (Fig. 4.5, 4.6, 4.7). It was observed that arbuscules 
were the most prominent and well distinguished mycorrhizal structures which 
verified the presence of colonization by the principle of autofluorescence due to 
AMF species 3 months 6 months 
Control -- -- 
Glomus hoi 23.33 ± 1.66 a 45.00 ± 2.88 c 
Claroideglomus 
etunicatum 
33.33 ± 1.66 a 73.33 ± 3.33 a 
Claroideglomus  
claroideum 
31.66 ± 1.66 a 71.66 ± 1.66 a 
Rhizophagus  
intraradices  
26.66 ± 3.33 a 61.66 ± 1.66 b 
Acaulospora 
delicata 
26.66 ± 3.33 a 50.00 ± 2.88 c 
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the phenolic compounds present in these structures. It was observed that 
collapsing and active arbuscules both were present along the length of the root 
segment which correlates with the continuous absorption of nutrients from those 
cells when active arbuscules are present and depletion and exhaustion of nutrients 
in the case of collapsed arbuscules. It was observed that collapsed arbuscules 
were highly fluorescent which may be due to the release of phenolic compounds 
during the arbuscule senescence process. To the best of my knowledge both 
Arum and Paris type arbuscules are observed in all plants with different AMF 
treatments. No colonization structures were observed in control roots (Fig. 4.5a, 
6a, 7a). The limited autofluorescence observed is likely due to the presence of 
phenolic compounds in the cells of the roots.  
In W. somnifera, highly branched arbuscules of the arum type were found (Fig. 
4.5b, d, f, g, h). Paris type arbuscules were also present (Fig. 4.5e) as were 
collapsed arbuscules (Fig. 4.5c). 
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Figure 4.5 Images of W. somnifera germplasm 10 colonized roots under CLSM. 
(a) Control root with no mycorrhizal colonization. (b) to (d) Colonization with C. 
claroideum with autofluorescing active arbuscules (aa) and collapsed arbuscules 
(ca). Active and highly branched arbuscules were observed in b and d; (e) 
Colonization with C. etunicatum showing paris type active arbuscules structures. 
(f) and (g) Colonization with A. delicata with highly branched less 
autofluorescent active arbuscules (aa). (h) Colonization with G. hoi showing tree 
shaped cluster formed in active arbuscules (aa) in a 3-D image, (i) 3-D image of 
colonization with R. intraradices showing active arbuscules. Scale bar a to g 
represents 20 μm and h and i represents 10 μm. 
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In T. erecta, branched arbuscules showing arum type morphology were observed 
(Fig. 4.6b, c, d, e) and paris type morphology was also observed (Fig. 4.6f and g). 
It was possible to observe (Fig. 4.6h) via 3D imaging the presence of both active 
and collapsing arbuscules in the various layers in the colonized root segments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Images of T. erecta germplasm 1 colonized roots under CLSM. (a) 
Control root with no mycorrhizal colonization. (b) to (g) colonization with C. 
etunicatum, G. hoi, C. claroideum, R. intraradices, A. delicate, C. claroideum 
respectively showing highly branched active arbuscules (aa). (b) Colonization 
with R. intraradices in 3-D imaging showing active arbuscules (aa) and collapsed 
arbuscule (ca). (i) Colonization with G. hoi showing collapsed arbuscule in the 
whole root segment. Scale bar in a, d, and g represents 20 μm, b, c, f and h 
represents 10 μm, e and i represents 50 μm.  
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In G. glabra, during analysis under CLSM, the hard and thick root of the plant 
was a hindrance to clearly observing the colonized structures using the 
autofluorescence principle. Collapsed arbuscules were visible however, (Fig. 4.7c 
and e) and active arbuscules were also visible in 3-D images (Fig. 4.7d). In 
Figure 4.7b, both active and collapsing arbuscules (highly fluorescent) were 
observed along the root segment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Images of G. glabra colonized roots under CLSM. (a) Control root 
with no mycorrhizal colonization (b) to (f) colonization with A. delicata, C. 
etunicatum, C. claroideum, G. hoi and R. intraradices, respectively showing 
active arbuscules (aa) and collapsed arbuscule (ca). The haziness of the images 
was due to the thickness of the root due to which autofluorescence was 
shadowed. Scale bar in a, c, and d represents 50 μm; b and e represents 20 μm, f 
represents 10 μm.  
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4.4.1.2.3 Scanning Electron Microscopy of mycorrhizal 
colonisation 
Analysis of root segments to visualize arbuscules by SEM showed beautifully 
branched arbuscules (Fig. 4.8). In figure 4.8a, hypha can be seen on the surface of 
the root segment which was probably the source of mycorrhizas leading to 
colonization. Beautiful tree-shaped arbuscules were found in some cells (Fig. 
4.8b to g). In figure 4.8h, an intraradical spore was also captured in the root cell 
with subtending hypha emerging from the spore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 Mycorrhiza 
  
149 
 
d 
f 
aa 
b 
a 
e 
a 
h 
s 
g 
aa 
c 
ca 
a 
h 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Images of T. erecta colonized roots derived from scanning electron 
microscopy. (a) Hypha (h) penetration in the root segment. (b) to (d) arbuscule 
(a) in the cortical cells. (e) to (g) Active arbuscules (aa) in highly branched and 
tree shape form. (h) Spore (s) in the cavity of cell attached to substending hypha. 
Scale bar represents a, b and e = 20 μm; c and d represents 2 μm; f, g and h 
represents 10 μm. 
a 
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4.4.1.3 Effect of AMF colonization on Macro and Micronutrient 
concentrations   
Both macronutrients (N, P and K) and micronutrients (Fe, Cu, Zn and Mn) 
increased significantly in concentration in the colonized plants inoculated with 
mycorrhizas compared to control plants. Also, there was variation found among 
the different AMF inoculations. In W. somnifera, WS2 and 10 germplasms (Table 
4.11 and 4.12), the results showed all nutrients were higher in concentration in R. 
intraradices colonised plants compared with control. However, there was no 
significant difference between all the macro and micro nutrients in the WS2 
germplasm. In WS10 germplasms, total nitrogen was 4.26 ± 0.10 % in R. 
intraradices inoculated plants followed with A. delicata at 7.02 ± 3.78 % but they 
were not significantly different. Significant differences in nutrient uptake were 
apparent between plants inoculated with the above two species and G. hoi. 
Phosphorus concentration in R. intraradices colonized plants was 16.65 ± 0.56 
ppm followed with 15.54 ± 1.45 ppm in A. delicata. However, there was no 
significant difference between the K concentrations in the AMF inoculated 
plants. In micronutrients in WS10 germplasm also, there was no significant 
difference between plants inoculated with R. intraradices or A. delicata. 
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Table 4.11 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in W. somnifera in germplasm 2 at 12 weeks. N is represented in 
%, all other nutrients are represented in ppm. 
 
Nutrients Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
N 2.00 ±  
0.76 b 
5.02 ± 
0.86 b 
5.19 ±  
1.13 b 
4.29 ±  
0.50 b 
9.14 ±  
0.76  a 
8.95 ±  
1.84 a 
P 8.64 ±  
0.75 b 
11.76 ± 
1.51 b 
18.43 ± 
 2.34 a  
12.70 ± 
1.37 b 
22.11 ±  
1.59 a 
19.12 ±  
0.84 a 
K 419414.65 ± 
118.45  b 
1288339.42 ±  
285.57 a 
1187875.65 ± 
164.65 a 
1223020.51 ± 
166.48 a 
1558328.24 ± 
144.75 a 
1307770.32 ±  
294.68 a 
Fe 141.92± 
14.36 d 
368.08 ± 
10.15 a 
256.85 ± 
4.53 c 
303.89 ± 
6.43 b 
344.8 ± 
18.87 a 
298.04 ± 
3.93 b 
Cu 1.08 ± 
0.01 c 
2.72 ± 
 0.17 c 
7.00 ±  
0.76 ab 
6.05 ± 
1.08 b 
9.31 ± 
1.01 a 
9.10 ± 
0.13 a 
Zn 24.21 ± 
1.22 d 
89.82 ± 
 1.39 a 
55.87 ± 
 4.54 c 
68.9 ± 
1.77 b 
98.43 ± 
2.77 a 
93.1 ± 
2.13 a  
Mn 39.01 ± 
1.89 d 
64.68 ± 
4.44 b 
50.44 ± 
1.32 c 
67.32 ± 
3.00 b 
93.65 ± 
2.78 a 
72.79 ± 
 2.44 b 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
 
Table 4.12  Effect of AMF inoculations on macronutrient and micronutrient 
concentration in W. somnifera in germplasm 10 at 12 weeks. N is represented in 
%, all other nutrients are represented in ppm. 
 
Nutrients Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
 intraradices  
Acaulospora  
delicata 
N 2.30 ±  
0.45 a 
6.42 ±  
3.48 a 
3.79 ±  
0.26 a 
3.68 ±  
1.10 a 
4.26 ± 
 0.1 a 
7.02 ±  
3.78 a 
P 6.10 ±  
3.29 b 
14.12 ±  
0.84 a 
17.20 ±  
3.31 a 
17.42 ±  
2.54 a 
16.65 ± 
 0.56 a 
15.54 ±  
1.45 a 
K 443878.88  ± 
125.78 b 
1116494.88 ±  
113.03 a 
1210151.64 ± 
 153.62 a 
1159629.67 ± 
 145.03 a 
1508025.64 ±  
376.16 a 
1462757.64 ± 
 110.33 a 
Fe 94.86 ±  
32.7 a 
235.43 ± 
122.49 a 
189.52 ±  
62.78 a 
212.52 ± 
 84.92 a 
266.4 ±  
97.27 a 
251.75 ±  
50.23 a 
Cu 0.37 ±  
1.45 a 
0.06 ±  
2.61 a 
0.64 ±  
7.64 a 
1.19 ± 
 6.57 a 
6.16 ±  
2.79 a 
6.12 ±  
11.15 a 
Zn 29.46 ±  
6.48 a 
67.81 ±  
23.39 a 
55.65 ±  
4.77 a 
62.40 ± 
 8.27 a 
69.15 ±  
26.49 a 
68.11 ±  
22.84 a 
Mn 36.87 ±  
4.02 a 
54.77 ±  
14.36 a 
46.53 ±  
5.23 a 
64.34 ± 
 0.02 a 
71.09 ±  
19.77 a 
61.14 ±  
9.20 a 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. 
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In T. erecta germplams inoculated with R. intraradices higher concentrations of 
individual elements were observed. In TE1, however, there was no significant 
difference found between AMF inoculations in Cu concentration. Phosphorus 
concentration in TE1 inoculated with R. intraradices was 22.64 ± 0.33 ppm 
which was significant higher than for plants with other AMF. Similarly Fe 
(304.00 ± 6.78 ppm) and Zn (80.97 ± 7.66 ppm) were significant in R. 
intraradices inoculated plants as shown in table 4.13. In TE2, N and P contents 
from plants with the five different inoculants did not show any significant 
differences. However, significance differences were seen in K, Fe, Cu, Zn and 
Mn contents among AMF species as in table 4.14. Similarly in TE3, germplasms 
K and Cu content was not significant among the different AMF inoculated plants. 
Phosphorus concentration in R. intraradices inoculated TE 3 plants were 20.40 ± 
1.90 ppm which is highest among the AMF treatments but had no significant 
difference from A. delicata, C. etunicatum and C. clariodeum as shown in table 
4.15. 
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Table 4.13 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in T. erecta in germplasm 1 at 12 weeks. N is represented in %, all 
other nutrients are represented in ppm. 
Nutrients Control Glomus 
 hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
N 1.57 ±  
0.04 b 
5.19 ±  
1.61 ab 
4.28 ±  
1.42 ab 
5.69 ±  
0.92 ab 
6.53 ±  
1.73 a 
5.38 ±  
1.34 ab 
P 6.05 ±  
0.90 c 
21.11 ±  
0.99 ab 
17.95 ±  
0.22 b 
20.55 ±  
2.40 ab 
22.64 ±  
0.33 a 
21.79 ±  
0.22 ab 
K 178947.36 ± 
178.36 b 
564998.30 ±  
199.26 ab 
309302.52 ±  
116.37 b 
619091.21 ±  
118.40 ab 
1161407.96 ±  
319.50 a 
831894.68 ±  
203.22 ab 
Fe 150.14 ±  
9.23 c 
241.93 ±  
5.64 ab 
213.41 ±  
7.92 bc 
264.03 ±  
6.94 ab 
304.00 ± 
6.78 a 
264.17 ±  
2.03 ab 
Cu 6.12 ±  
3.35 b 
11.64 ±  
3.65 a 
11.29 ±  
1.94 a 
16.00 ±  
6.67 a 
21.75 ±  
1.12 a 
16.97 ±  
1.90 a 
Zn 38.27 ± 
2.45 d 
65.62 ±  
4.71 bc 
55.58 ±  
4.23 c 
73.60 ±  
0.32 ab 
80.97 ±  
7.66 a 
62.74 ±  
0.23 bc 
Mn 86.72 ±  
5.56 b 
129.48 ±  
5.99 a 
119.08 ±  
4.62 ab 
131.67 ±  
9.11 a 
138.05 ±  
5.26 a 
106.80 ±  
3.23 ab 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the line of the table. 
 
Table 4.14 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in T. erecta in germplasm 2 at 12 weeks. N is represented in %, all 
other nutrients are represented in ppm. 
Nutrients Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
N 1.73 ±  
0.20 b 
5.45 ±  
1.87 a 
3.46 ±  
0.60 a 
5.43 ±  
0.66 a 
6.35 ±  
1.55 a 
6.01 ±  
1.97 a 
P 4.63 ±  
0.51 b 
17.80 ±  
4.29 a 
13.67 ±  
4.50 ab 
19.73 ±  
3.22 a 
20.74 ±  
2.23 a  
19.27 ±  
2.52 a 
K 211703.00 ± 
146.73 c 
720053.12 ± 
443.45 abc 
297805.11 ±  
127.79 ab 
696877.37 ± 
402.24 abc 
1121555.18 ±  
359.28 a 
888082.19 ±  
147.71 ab 
Fe 154.76 ±  
4.62 c 
273.38 ± 
5.81 ab 
232.00 ±  
10.66 bc 
275.47 ±  
8.38 ab 
356.7 ±  
5.91 a 
312.80 ±  
5.66 ab 
Cu 2.60 ±  
0.16 c 
8.16 ±  
0.16 b 
7.95 ±  
1.40 b 
8.37 ±  
0.94 ab 
11.21 ±  
0.58 a 
6.98 ±  
0.91 b 
Zn 41.13 ± 
0.40 c 
73.26 ±  
2.91 ab 
72.09 ±  
2.26 ab 
62.58 ±  
0.06 b 
87.62 ±  
1.01 a 
82.27 ±  
8.34 ab 
Mn 79.63 ± 
2.65 c 
121.45 ± 
4.02 ab 
90.04 ±  
6.42 bc 
124.87 ±  
7.91 a 
141.33 ±  
0.54 a 
109.61 ±  
6.04 abc 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the line of the table. 
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Table 4.15 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in T. erecta in germplasm 3 at 12 weeks. N is represented in %, all 
other nutrients are represented in ppm. 
Nutrients Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
N 1.78 ±  
0.15 d 
7.07 ±  
0.26 ab 
4.88 ±  
0.82 c 
6.36 ±  
0.26 bc 
8.09 ±  
0.17 a 
7.36 ±  
0.63 ab 
P 5.54 ±  
1.42 b 
16.81 ±  
3.30 ab 
13.44 ±  
4.27 a 
17.33 ±  
0.82 a 
20.40 ±  
1.90 a 
19.27 ±  
2.52 a 
K 32755.63 ± 
327.63 b 
520620.85 ±  
155.81 a 
481629.73 ±  
114.41 a 
578814.96 ± 
 277.15 a 
802236.68 ±  
398.78 a 
684373.96 ±  
261.50 a 
Fe 115.52 ± 
4.61 b 
257.74 ± 
1.45 ab 
224.07 ± 
8.58 a  
282.41 ±  
1.43 a 
339.92 ±  
2.70 a 
314.84 ±  
4.63 a 
Cu 5.96 ±  
3.52 b 
11.81 ±  
3.48 a 
9.89 ±  
3.34 a 
15.05 ±  
7.62 a 
22.33 ±  
1.54 a 
17.89 ±  
9.98 a 
Zn 38.67 ±  
2.86 b 
68.54 ±  
7.63 ab 
67.85 ±  
6.50 ab 
62.81 ±  
0.16 ab 
81.94 ±  
8.67 a 
79.95 ±  
6.65 a 
Mn 74.07 ±  
7.08 b 
115.45 ± 
8.02 ab 
112.66 ± 
2.04 ab 
130.13 ±  
3.17 a 
132.21 ±  
9.66 a 
112.85 ±  
2.80 ab 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the line of the table. 
 
 
In G. glabra, C. etunicatum showed high macro and micronutrient concentrations 
at 3 and 6 months after harvest. At 3 months there was no significant difference 
found in Fe, Zn and Mn concentrations. N content (3.27 ± 0.23 %), P (28.35 ± 
5.35 ppm) and K (478250.00 ± 125.00 ppm) in C. etunicatum inoculated plants 
were significantly higher than other AMF inoculations (Table 4.16). In G. glabra 
of 6 month harvest, C. etunicatum inoculations as seen in 3 month harvest was 
the highest in all nutrient content. Significant difference between C. etunicatum 
and other inoculations was found in N, Fe, Cu, and Mn. However, there was no 
significant difference observed between P, K, and Zn nutrient content between C. 
etunicatum and C. claroideum inoculations as presented in table 4.17. 
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Table 4.16 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in G. glabra at 12 weeks. N is represented in %, all other nutrients 
are represented in ppm. 
Nutrients Control Glomus hoi Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
 intraradices  
Acaulospora  
delicata 
N 0.36 ±  
0.08 d 
1.76 ±  
0.25 c 
3.27 ±  
0.23 a 
2.88 ±  
0.01 ab 
2.4 ±  
0.11 bc 
2.07 ± 
 0.28 c 
P 12.25 ±  
5.74 b 
19.07 ±  
4.54 ab 
28.35 ±  
5.35 a 
27.25 ±  
1.45 ab 
31.35 ±  
3.75 a 
26.75 ±  
3.05 ab 
K 120264.17 ± 
203 d 
307990.45 ± 
473 c 
478250.00  ± 
125 a 
421250.00 ± 
302 ab 
317750.00 ± 
147 c 
343250.00 ± 
312 bc 
Fe 131.63 ± 
27.96 b 
291.89 ± 
31.59 a 
286.38 ± 
61.56 a 
233.57 ±  
11.28 a 
230.89 ±  
51.09 a 
240.61 ±  
12.19 a 
Cu 11.40 ±  
0.01 c 
22.75 ±  
0.91 b 
36.99 ± 
 0.11 a 
21.1 ±  
0.87 b 
20.99 ±  
3.23 b 
25.59 ± 
 0.57 b 
Zn 66.05 ± 
15.89 b 
135.86 ± 
50.04 a 
125.96 ± 
55.63 a 
112.07 ±  
33.72 a 
100.76 ±  
18.87 a 
122.84 ±  
41.85 a 
Mn 24.74 ±  
1.51 b 
42.75 ±  
5.19 a 
53.78 ± 
15.78 a 
53.57 ±  
3.64 a 
45.93 ±  
5.81 a 
47.41 ±  
10.86 a 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the line of the table. 
 
 
Table 4.17 Effect of AMF inoculations on macronutrient and micronutrient 
concentration in G. glabra at 24 weeks. N is represented in %, all other nutrients 
are represented in ppm 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the line of the table. 
 
 
Nutrients Control Glomus 
 hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
N 0.55 ±  
0.09 e 
1.44 ±  
0.07 d 
3.5 ±  
0.47 a 
3.15 ±  
0.28 ab 
2.48 ±  
0.18 bc 
1.86 ±  
0.06 cd 
P 6.91 ±  
0.41 d 
16.45 ±  
1.92 c 
28.49 ±  
0.89 a 
27.06 ±  
1.26 a 
24.00 ±  
1.00 ab 
21.54 ±  
2.15 b 
K 159680.41 ± 
186 d 
272713.88 ± 
120.00 c 
490139 ±  
131.00 a 
472386.5 ±  
208 a 
323143.5 ± 
201.00 c 
383442 ± 
194.00 b 
Fe 107.02 ± 
 3.36 d 
218.60 ±  
6.21 b 
274.84 ±  
14.53 a 
143.83 ±  
11.55 c 
172.59 ± 
 7.21 c 
242.40 ± 
13.98 ab 
Cu 10.86 ±  
0.54 d 
24.80 ±  
1.13 b 
37.63 ±  
0.75 a 
19.81 ± 
0.41 c 
25.60 ± 
1.37 b 
26.77 ±  
0.60 b 
Zn 47.78 ±  
2.38 c 
67.96 ±  
2.63 b 
83.07 ±  
2.74 a 
80.06 ±  
1.87 a 
74.29 ±  
4.05 ab 
81.67 ±  
0.67 a 
Mn 29.49 ±  
3.24 d 
46.54 ±  
1.40 c 
67.34 ±  
2.01 a 
53.56 ± 
 3.42 bc 
55.03 ± 
3.28 bc 
58.83 ±  
0.55 ab 
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4.4.1.4 Metabolite production 
To study the effect of AMF on secondary metabolites, roots were analysed via 
HPLC. In comparison with the control, it was observed that all AMF inoculated 
roots had significantly increased secondary metabolite production in roots in all 
three plants across germplasms.  
In W. somnifera, results showed the presence of six kinds of withanolides out of 
the seven withanolides analysed (withanoside IV was not detected) which were 
well separated on a reveres phase column. WS2 germplasm inoculation with R. 
intraradices produced higher withanolides content (withaferin A, 0.737 ± 0.04  
mg/g, withanolide A, 0.045 ± 17.04 mg/g, withanolide B, 0.037 ± 0.02 mg/g, 
withanone 0.799 ± 0.001 mg/g, withanoside V, 0.070 ± 0.001 mg/g, 12-deoxy 
withastramonolide, 0.109 ± 0.001  mg/g). However, significant differences were 
not observed between inoculations in withanolide A and withanolide B 
production as shown in table 4.18. Similarly, in WS10, R. intraradices was 
performed well than all AMF inoculations (Table 4.19). There was significant 
difference among other inoculations and R. intraradices except on withanolide B 
production. Withaferin A, the main and important metabolite targeted in the study 
was 0.899 ± 0.079 mg/g in R. intraradices inoculated plants followed by those 
concentrations found in roots inoculated with A. delicata, G. hoi, C. clariodeum 
and C. etunicatum. 
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    Table 4.18 Effect of AMF inoculations on withanolides (mg/g) production in roots at 12 weeks in W. somnifera germplasm 2. 
 
    Values are means of 3 replicates ± standard error. Different values indicate statistically significant differences (p< 0.05) by Duncan’s  
post hoc test comparing treatments across the row of the table. ND stands for not detected. 
 
 
 
 
Withanolides Control Glomus 
 hoi 
Cglaroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
Withaferin A 0.0468 ± 
0.028 d 
0.4116 ±  
0.007 bc 
0.2797 ±  
0.068 c 
0.4764 ±  
0.082 b 
0.7378 ± 
0.046 a 
0.2941 ± 
 0.002 c 
Withanolide A 0.0055 ± 
0.002 b 
0.0442 ± 
0.003 a 
0.0134 ± 
 0.002 a 
0.0137 ±  
0.002 a 
0.0457 ± 
17.04  a 
0.0256 ± 
0.002 a 
Withanolide B 0.0069 ± 
0.001 b 
0.0199 ±  
0.004 a 
0.017 ±  
0.001 a 
0.0326 ±  
0.005 a 
0.0377 ± 
0.024 a 
0.0127 ± 
0.001 a 
Withanone 0.0021 ± 
0.001 b 
0.0349 ± 
0.001 ab 
0.0393 ± 
 0.008 ab 
0.0315 ±  
0.002 ab 
0.0799 ± 
0.001 a 
0.0625 ± 
0.039 ab 
Withanoside IV ND ND ND ND ND ND 
Withanoside V 0.0036 ± 
0.004 c 
0.0344 ±  
0.002 bc 
0.0395 ± 
 0.006 ab 
0.0318 ±  
0.004 bc 
0.0704 ± 
0.009 a 
0.0331 ± 
0.019 bc 
12-Deoxy 
withastramonolide 
0.005 ± 
0.001 c 
0.0832 ± 
0.005 ab 
0.0824 ±  
0.007 ab 
0.0798 ±  
0.006 ab 
0.1098 ± 
0.01 a 
0.0727 ± 
0.018 b 
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Table 4.19 Effect of AMF inoculations on withanolides (mg/g) production in roots at 12 weeks in W. somnifera germplasm 10. 
 
Values are means of 3 replicates ± standard error. Different values indicate statistically significant differences (p< 0.05) by Duncan’s post 
hoc test comparing treatments across the row of the table. ND stands for not detected. 
 
 
Withanolides Control Glomus  
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora  
delicata 
Withaferin A 0.0289 ±  
0.001 d 
0.4647 ±  
0.095 b 
0.1316 ±  
0.007 cd 
0.3651 ±  
0.108 ab 
0.8995 ±  
0.079 a 
0.5158 ± 
 0.045 b 
Withanolide A 0.0061 ±  
0.001 d 
0.0386 ±  
0.003 ab 
0.0162 ± 
 0.005 cd 
0.0295 ±  
0.007 bc 
0.045 ±  
0.002 a 
0.0176 ±  
0.002 cd 
Withanolide B 0.0051 ±  
0.002 b 
0.0696 ±  
0.056 a 
0.0159 ±  
0.003 a 
0.0255 ±  
0.002 a 
0.0415 ±  
0.005 a 
0.0115 ±  
0.001 a 
Withanone 0.0016 ± 
 0.001 c 
0.0363 ±  
0.001 b 
0.0352 ±  
0.008 b 
0.0422 ±  
0.003 b 
0.0886 ±  
0.009 a 
0.0392 ±  
0.001 b 
Withanoside IV ND ND ND ND ND ND 
Withanoside V 0.0062 ±  
0.002 c 
0.048 ±  
0.001 ab 
0.0482 ±  
0.014 ab 
0.0411 ±  
0.015 b 
0.0771 ±  
0.005 a 
0.0236 ±  
0.007 bc 
12-Deoxy 
withastramonolide 
0.0026 ±  
0.001 c 
0.0898 ±  
0.006 b 
0.0805 ±  
0.004 b 
0.0865 ±  
0.001 b 
0.1095 ±  
0.002 a 
0.0912 ±  
0. 004 b 
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 T. erecta, α-T was detected in roots of all three germplasm in all treatments 
(Table 4.20), however, AMF inoculations were significantly better than control. 
AMF inoculations of R. intraradices were significantly different among roots 
with the other AMF inoculants in all three germplasms with TE1, 2 and 3 
producing 25.30 ± 0.85, 22.77 ± 0.69 and 18.92 ± 1.35 mg/kg respectively. R. 
intraradices was followed with inoculation of A. delicata, C. claroideum, G. hoi 
and C. etunicatum. After complete analysis, TE1 among the three germplasms 
was significant than the other two germplasms. 
 
Table 4.20 Effect of AMF inoculations on α-T (mg/kg) concentration in roots at 
12 weeks in T. erecta germplasms. 
 
AMF species TE 1 TE2 TE3 
Control 3.09 ± 0.46 e 2.60 ± 0.65 e 1.68 ± 0.33 e 
Glomus hoi 14.34 ± 1.10 c 12.34 ± 0.39 cd 5.45 ± 0.72 d 
Claroideoglomus  
etunicatum 
7.78 ± 1.40 d 9.85 ± 1.33 d 3.89 ± 0.75 de 
Claroideoglomus 
claroideum 
14.46  ±  1.06 c  14.84 ± 1.07 bc 9.71 ± 1.19 c 
Rhizophagus 
intraradices  
25.3 ± 0.85 a 22.77 ± 0.69 a 18.92 ± 1.35 a 
Acaulospora  
delicata 20.30 ± 1.58 b
 16.95 ± 1.41 b 13.30 ± 1.09 b 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the column of the table. 
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In G. glabra the 3 and 6 month plants were analysed in two sets, one set for the 
rhizomes and the other for the roots. Both GLY and GLA were present in all 
AMF inoculated roots whereas they were not detected or absent in rhizome of the 
control plant. C. etunicatum showed better response among other AMF 
inoculations. In C. etunicatum GLY produced in 3 month old roots and rhizome 
was 1.13 ± 0.04 mg/g and 4.54 ± 0.86 mg/g respectively which were increased to 
5.96 ± 0.21 mg/g and 8.52 ± 2.31 mg/g in roots and rhizome in 6 months old 
plant. Similarly GLA produced in 3 month old roots and rhizome (2.93 ± 0.52 
mg/g and 1.56 ± 0.09 mg/g respectively) was increased to 4.45 ± 0.16 mg/g and 
2.81 ± 0.50 mg/g in roots and rhizome in 6 month old plants as presented in table 
4.21. According to our results GLY is produced more in rhizome and GLA is 
produced more in roots. Among AMF inoculations, there was no significant 
difference found between C. etunicatum and C. claroidedum inoculated in 3 
month old plants roots producing GLY and GLA and 6 month old GLY 
production in roots. All AMF inoculations performed significantly than control in 
the production of GLY and GLA in roots and rhizome. 
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Table 4.21 Effect of AMF inoculations on Glycyrrhizic acid (GLY) and 
Glabridin (GLA) production in G. glabra roots and rhizome at 3 months (3M) 
and 6 months (6M) 
Metabolite Control Glomus  
hoi 
Claroideo 
glomus 
etunicatum 
Claroideo 
glomus 
claroideum  
Rhizophagus 
intraradices  
Acaulospora 
delicata 
3M_GLY_ 
roots 
0.455 ± 
 0.06 ab 
0.747 ±  
0.27 ab 
1.131 ±  
0.04 a 
1.126 ±  
0.39 a 
0.805 ± 
 0.24 ab 
0.178 ±  
0.06 b 
6M_GLY__ 
roots 
1.211 ±  
 0.21 c 
1.762 ±  
0.18 c 
5.967 ± 
 0.21 a 
5.433 ±  
1.63 ab 
3.396 ±  
0.24 b 
3.045 ±  
0.15 b 
3M_GLA_ 
roots 
0.121 ±  
0.06 b 
0.923 ±  
0.22 a 
2.93 ±  
0.52 a 
1.886 ±  
0.96 a 
1.235 ±  
0.41 a 
2.107 ±  
1.63 a 
6M_GLA_ 
roots 
0.606 ±  
0.43 cd 
1.009 ± 
 0.08 c 
4.459 ±  
0.16 a 
4.204 ±  
1.33 a 
2.311 ±  
0.02 ab 
3.821 ±  
0.34 b 
3M_GLY_ 
rhizome 
ND ND 4.546 ±  
0.86 a 
3.74 ±  
0.22 a 
1.949 ±  
0.04 b 
1.856 ±  
0.17 b 
6M_GLY_ 
rhizome 
ND ND 8.527 ±  
2.31 a 
5.194 ±  
0.97 ab 
5.641 ±  
1.13 ab 
2.513 ±  
0.24 bc 
3M_GLA_ 
rhizome 
ND ND 1.566 ±  
0.09 a 
0.701 ±  
0.22 b 
0.671 ±  
0.04 b 
0.515 ±  
0.12 b 
6M_GLA_ 
rhizome 
ND ND 2.815 ± 
 0.50 a 
2.077 ± 
 0.40 ab 
1.434 ±  
0.54 b 
1.133 ±  
0.03 bc 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments across the row of the table. ND stands for not detected. 
 
 
4.4.2 Main Experiment --In vitro experimental set up (Root organ 
culture development) 
On the basis of the results of the preliminary experiment it was concluded 1) W. 
somnifera, T. erecta and G. glabra have strong affinity for establishment of 
symbioses in roots 2) TE1 with R. intraradices, WS10 with R. intraradices and 
GG with C. etunicatum were the best combinations to be taken forward for root 
organ culture (ROC)  establishment studies.  
Since GG hairy root was still under maintenance, only TE1 and WS10 hairy root 
cltures were taken forward for the present study 
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4.4.2.1 Growth of hairy root cultures 
The hairy root segments used in the dual culture experiment grew well in M 
media and developed many fine lateral roots extending throughout the medium. 
The roots grew 1.00 ± 0.01 cm in length in two days in TE1 and 1.00 ± 0.01 cm 
in four days in WS10. The growth of WS10 was not as extensive as that of the 
TE1 transformed root cultures. The TE1 hairy roots cultures were thicker than 
those in WS10 and with the least root hair or no epidermal root hairs and the 
lateral branches spread towards the edge of the Petri plate (Fig. 4.9a). WS10 
hairy root was much thinner than TE1 hairy roots and had extensive epidermal 
root hairs. 
4.4.2.2 Spore germination during establishment of root organ 
cultures 
Observations under a stereozoom microscope for germination of spore showed 
that the spores inoculated in the M media germinated after 3-4 days. A single 
germ tube was produced by the spore which branched and was oriented towards 
the root. 
4.4.2.3 Establishment of the dual culture symbiosis 
In TE1, dual culture establishment, the first contact between fungus 
and the root occurred in 3-4 days from the germination of spores. The hypha 
during the contact period branched laterally and the hyphal spread was observed 
in all directions giving rise to mycelium. 
In WS10, dual culture establishment, the first contact happened at around 10 
days. The hyphal movement towards the root segment was observed to be very 
slow indicating a delayed response in the presymbiotic stage. It was observed that 
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the hypha reached the root surface, after which there was no further growth of the 
hypha. It was also observed that in many areas the earlier lateral branching which 
occurred during the germination of spores stopped growing even before reaching 
the root surface. The plates were observed for 4 weeks but the status of the 
hyphal development remained unchanged. However, there was natural growth 
rate seen in the hairy root culture in the M media petri plates. Even after 
attempting the 3 treatments as mentioned in the methodology section (4.3.2.3), no 
symbiosis was established in WS10 (Fig. 4.10). 
4.4.2.4 Extraradical mycelium development and spore formation 
in media 
In TE1, first secondary spores were observed on the main hypha after 7-8 days 
after germination. They were smaller in size and were formed terminally on short 
hyphal branches. After 4 weeks the media plate was observed to have an 
extensive mycelial network with numerous spores which increased in the 8 and 
12 weeks of observations and then intraradical spores were clearly observed 
inside the root segment. The colonized root was observed to produce emergent 
hypha (Fig. 4.9e). 
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Figure 4.9 T. erecta germplasm 1, and R. intraradices symbiosis in vitro (a) Petri 
plate used for the experimental set up showing healthily growing roots. (b) 
Contact of hypha (h) and root. (c) hyphal spread (hs) in the media. d) Spore (s) 
and hypha (h) spread in the media plate. (e) hypha (h) emerging out from a 
colonized root tip. (f) A juvenile spore formed (js) from the branched hypha (bh). 
(g) Roots showing intraradical spores (irs). (h) Extraradical spores (ers) in the 
media. Scale bar represents 100 μm. 
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Figure 4.10 W. somnifera germplasm 10, roots with mycorrhizal inoculum 
during dual culture establishment. (a) and (b) Hyphal contact (h) during dual 
culture establishment. (c) M media for symbiosis establishment. (d) M media 
supplemented with soil extract (e) M media with cotton plug (cp). (f) Bi-
compartmental plate set up with Daucus carota (dc) colonized hairy root with R. 
intraradices on M media with sucroese (+S) and W. somnifera (ws) hairy root on 
M media without sucrose (-S). Scale bar represents 100 μm. 
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4.4.2.5 Rhizophagus intraradices spore viability in dual cultures 
MTT results showed viability of intraradical and extraradical spores formed in 
the established dual culture (Fig. 4.11 a and b). Red-pinkish coloured spores in 
presence of external light was observed for 12 weeks old culture after harvest. 
 
 
 
 
 
 
Figure 4.11 T. erecta roots colonized with R. intraradices stained with MTT. (a) 
Intraradical spores (irs) stained red (b) extraradical spores (ers) stained red. Red 
colour indicates spores are viable. Scale bar represents 100 μm. 
 
4.4.2.6 In vitro AMF colonization in ROC culture of T. erecta 
examined using bright field microscopy, CSLM and SEM 
imaging 
For viualization of colonizing structures in the root segments three microscopic 
analyses were used: bright field, confocal and SEM. 
4.4.2.6.1 Observations from bright field microscopy  
Arbuscules, vesicles and hypha was seen in roots stained with ink and vinegar 
staining solution (Fig. 4.12). Arbuscules were seen as branched tree shaped 
structure depicting Arum type morphology. Hypha was seen running along the 
whole length of the root segments observed in young colonized roots. Vesicles 
were observed in mature root segments. Root colonization percentage calculated 
in the ROC culture was 46.28 ± 3.86. 
a b 
ers 
irs 
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Figure 4.12 T. erecta colonized with R. intraradices roots stained with ink-
vinegar stain. (a) Tree shaped arbuscules (a) and hypha (h) along the root 
segment. (b) Hypha (h) and vesicles (v) in the roots symbolizing colonization. 
Scale bar a and b represents 10 and 100 μm respectively. 
4.4.2.6.2 Observations from confocal laser scanning microscopy 
Results demonstrated successful colonization in root segments with 
auto fluorescing arbuscules (Fig. 4.13). Both collapsing and active arbuscules 
were observed. 3D image showed the presence of both types of arbuscules in the 
different planes confirming the continuous flow of nutrients from the roots to the 
fungus. Intraradical spores were observed in the root segments which are storage 
organ with lipid globules. 
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Figure 4.13 T. erecta colonized roots with R. intraradices showing 
autofluorescence observed using CLSM. (a) Vesicles (v) showing lipid globules 
(lg). (b) Active arbuscules (a) in the root segment. (c) Intraradical spores (irs) in 
the root segment. (d),(e) and (f) 3-D image showing active arbuscules (aa) and 
collapsing arbuscules (ca). Scale bar a and e represents 50 μm, b represents 10 
μm, c, d and f represents 20 μm. 
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4.4.2.6.3 Observations from scanning electron microscopy 
Examination of roots using SEM showed colonization in the root segments (Fig. 
4.14), the presence of a spore with apparently empty globular structures (Fig. 
4.14c and d) and the presence of hypha and root hairs (Fig. 4.14f). Hyphae and 
extraradical spores attached to the root segment were also observed (Fig. 4.14b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 T. erecta colonized with R. intraradices observed using Scanning 
Electron Microscopy. (a) Control roots showing empty cortical cells. (b) Spores 
on the outer surface of the roots; (c) and (d) same image large spore within the 
cortex (s) with net like structure probably depicting the lipid globule outercover. 
(e) Roots with hypha (h) and root hairs (rh). (f) A part of arbuscule (a) structure 
protroding out of a cell. Scale bar a and c represents 20 μm, b and e represents 
100 μm and d and f represents 10 μm. 
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4.4.3 Dual culture---Growth Kinetics study 
TE1 was selected for growth kinetics study due to successful establishment of 
symbiosis and verification of symbiosis as a continuous culture. 
4.4.3.1 Growth parameters - Biomass, Root length and Spore 
count 
Growth parameters of the established ROC were studied over three time points - 
4, 8 and 12 weeks. It was observed that fresh weight was not significantly 
different between the 8 and 12 weeks culture of ROC and control hairy roots. Dry 
weight was significant in 12 week old culture (0.36 ± 0.03 g). It was observed 
that both fresh weight and dry weight increased with the increase in incubation 
period in both control and ROC’s, however, there was no increase in the biomass 
due to the symbiosis when compared to control hairy roots as presented in table 
4.22. Root length was also significantly higher in control hairy roots as compared 
to ROCs with 12 week control roots producing the highest root length (740.20 ± 
16.39 cm). Spore counts analysed at all three time points were the highest in 12 
week old cultures. There was a gradual increase in numbers at each time point. 
On calculation 4 week old cultures produced 5320.10 ± 326 spores, 8 week 
produced 10594 ± 123 spores and 12 week produced 15514.5 ± 256 spores. All 
calculations were made as number of spores in 100 mL of media. 
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Table 4.22  Growth parameters of T. erecta germplasm 1 ROC with R. 
intraradices at three harvest periods (4, 8 and 12 weeks) 
 
Treatments Weeks Fresh weight 
(g) 
Dry weight 
(g) 
Root length 
(cm) 
Control 4 3.15 ± 0.48 ab 0.26 ± 0.01 bc 524.7 ± 12.55 c 
8 3.72 ± 0.10 a 0.30 ± 0.04 ab 716.21 ± 56.59 a 
12 3.93 ± 0.74 a 0.36 ± 0.03 a 740.28 ± 16.39 a 
Rhizophagus 
intraradices 
4 2.18 ± 0.22 b 0.20 ± 0.01 c 387.26 ± 19.11 d 
8 3.65 ± 0.05 a 0.27 ± 0.08 b 630.08 ± 11.95 b 
12 3.82 ± 0.03 a 0.29 ± 0.01 ab 672.42 ± 5.96 ab 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the column of the table. 
 
4.4.3.2 Estimation of α-Terthienyl in Tagetes erecta ROC cultures 
On analysis of control hairy roots and ROC cultures via HPLC, it was found that 
α-T was detected at all time points. The concentration of α-T produced in 
mycorrhiza colonized roots was more than twice that in control roots at each time 
point (Table 4.23). In 4 week old roots the highest α-T was produced (73.46 ± 
1.54 mg/kg). There was a decreasing trend observed in the metabolite 
concentration which was observed in both control and mycorrhized roots as the 
incubation time increased with 4 week significant than 8 and 12 week cultures. 
However, at all incubation time points the concentration of α-T was higher in 
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mycorrhized roots. Analyses showed that there was significant difference in α-T 
produced in 4 week old mycorrhized root culture when compared to all 
incubation points in control and the ROC culture. No significant difference was 
observed between α-T  produced in 8 and 12 weeks old cultures and 8 and 12 
weeks old control cultures but there was a significant difference between 8 and 
12 week old control and mycorrhized cultures. 
 
Table 4.23 Effect of R. intraradices on α-T concentration (mg/kg) in ROC 
culture of T. erecta germplasm 1 at three harvest periods (4, 8 and 12 weeks) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Values are means of 3 replicates ± standard error. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing 
treatments along the column of the table. 
 
 
 
Treatments Weeks Terthiophene 
(mg/kg) 
Control 4 31.99 ± 0.71 c 
8 22.91 ± 2.36 d 
12 21.38 ± 2.37 d 
Rhizophagus  
intraradices 
4 73.46 ± 1.54 a 
8 48.3 ± 1.66 b 
12 43.67 ± 3.06 b 
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4.5 Discussion 
The plant species used in this study produce a number of beneficial compounds 
and thus an effort to increase their production is very desirable. Reports on 
effectiveness of mycorrhizas on W. somnifera vegetative growth and absorption 
of nutrients from soil (Halder and Ray, 2006; Hosamani et al., 2011; Yaseen and 
Ibrar, 2011) exist but there has been no reports on the influence of different 
mycorrhizas on secondary metabolite production. G. glabra plant growth is slow 
and it takes time to develop and produce metabolites (Bao and Yan, 2003). There 
have been reports on successful colonisation of G. glabra plants with mycorrhiza 
(Liu et al., 2014; Orujei et al., 2013; Yadav et al., 2013) however; there is little 
information on production of metabolites influenced by different mycorrhizas. 
Production of metabolites glycyrrhizic acid (GLY) and glabridin (GLA) in roots 
and rhizome of the plants have not yet been documented. Similarly, T. erecta has 
also been the subject of investigation with mycorrhizas (Asrar and Elhindi, 2011; 
Castillo et al., 2011) but there are no studies on the influence of secondary 
metabolite production due to mycorrhizal symbiosis. 
The current study has thus focussed on the beneficial symbiosis of these plants 
under the influence of AMF inoculation using different germplasms of the same 
plant. Different AMF inoculations have also different influence on the 
effectiveness with which different plant and their germplasms would establish 
symbiosis. Studies on differential expression in germplasm used in symbiosis 
have been reported (Chaudhary et al., 2008; Copetta et al., 2006; Kapoor et al., 
2002a; Kapoor et al., 2002b; Rasouli-Sadaghiani et al., 2010). Thus, screening of 
different combinations of AMF is required for increasing the effectiveness of the 
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symbioses. All inoculations with the different AMF species resulted in positive 
responses with improved growth parameters, nutrient uptake and secondary 
metabolite content. To interpret the different structures formed during the 
symbiotic process and to better define the same, three types of microscope 
imaging mainly bright field, confocal and scanning electron microscopy were 
used. Confocal microscopy has served as a platform for improved detection and 
clarity in investigating charactersitics of arbuscular structures as also used by 
Veiga (Veiga et al., 2013). Two types of arbuscules were visible in the colonized 
roots; Arum-type morphology where the mycelium spreads along the cortical 
intercellular air spaces and penetrates the cortical cells to form the terminal 
intracellular arbuscules, and Aaris-type morphology where the fungus is entirely 
intracellular and forms arbusculate coils. The type of arbuscule formed is entirely 
due to dependency on the host and the fungus interactions which can vary in 
different species and in particular plant germplasms (Cano et al., 2008; 
Cavagnaro et al., 2001; Dickson, 2004).  Similarly, scanning electron microscopy 
showed well defined tree shaped arbuscules. Both confocal and electron 
microscopic analyses of these associations, to the best of my knowledge, have not 
yet been documented in any report with such detail, clarity and resolution. 
The results demonstrate that different germplasm of a single species show 
differences in their growth and metabolite production. WS10 and TE1 were 
judged as the best germplasms based on the studied parameters, a result similar to 
those obtained in earlier reports in other medicinal, aromatic and ornamental 
plants (Farahani et al., 2008; Farahani et al., 2009a; Farahani et al., 2009b; 
Linderman and Davis, 2004). AMF inoculations showed significantly higher 
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colonization as compared to control plants. R. intraradices showed significantly 
higher colonization in WS (35.00 ± 5.00 %) and TE (73.33 ± 3.33 %). 
Colonization with G. glabra 24 weeks plants showed 73.33 ± 3.33 % 
colonization with C. etunicatum compared with other treatments and were in 
accordance with published reports of root colonization (Linderman and Davis, 
2004; Liu et al., 2014; Orujei et al., 2013). Higher colonization percentages show 
that different species have different affinity for AMF species. 
Uptake of mineral nutrients in AMF treated plants has been an important focus in 
research undertaken on mycorrhizas (Smith and Read, 1996). Macronutrients are 
essential for photosynthesis, in the genetic makeup (N) and growth and 
reproduction of the plants (P and K). Micronutrients are required for chlorophyll 
production, photosynthesis and plant metabolism (Fe, Zn and Cu), in enzyme 
systems for energy production and growth regulation (Zn) (Liu et al., 2014). It is 
reported that various plant growth parameters are disturbed due to deficiency of 
the element (Burleigh et al., 2002; Colomb et al., 2000; Smith et al., 2003). 
Similarly, photosynthesis rate was increased in AMF inoculated plants which 
may be due to increase in chlorophyll content as reported by Manoharan et al., 
(2008). This increase in chlorophyll content was in turn due to the increased 
uptake of Fe and Cu by AMF inoculated plants. Fe, and Cu were required in the 
foliar tissue which impacts chlorophyll synthesis (Mathur and Vyas, 1995; Singh 
et al., 2012). Here, the results clearly demonstrated the difference in nutrient 
uptake bewteen control and AMF inoculated plants (Castillo et al., 2011; Liu et 
al., 2014).  In G. glabra at the 24 week harvest in the present study, it was found 
that the nutrient concentration in the shoots was more compared to the 12 week 
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harvest plants a result very similar to that of Orujei et al., (2013). The increased 
nutrient uptake in the present study is by the presence of mycorrhizal hyphae that 
grow through the soil pore spaces leading to phosphate solubilisation. Thus the 
hypha migrates beyond the depleted zone absorbing nutrients. The control roots 
with no mycorrhizal hypha remain in the depleted zone with poor nutrients 
(Kaushish et al., 2011; Parkash and Aggarwal, 2009). Polyphosphate granules 
which arise as a result of conversion of absorbed P are passed to the arbuscule for 
transferring to host plant by the hypha (Azcón-Aguilar and Barea, 1997). 
AMF treatments improve plant biomass by improving water and nutrient uptake 
and by the improved resistance towards pathogens (Smith and Read, 2008; Smith 
et al., 2003). Various studies have demonstrated this beneficial effect of the 
symbiosis (Liu et al., 2014; Liu et al., 2007; Schmidt et al., 2010). In the present 
study also it was observed that there was increase in plant height and biomass in 
AMF inoculations as compared to control. Plant height was approximately three 
times higher in WS and TE plants and ten times higher in GG plants in AMF 
treated plants when compared to control. Similarly, plant biomass also showed 
significant increases in the AMF inoculated plants. The uptake of nutrients 
especially phosphorus as shown in the results demonstrated that there was 
increase in nutrient /mineral absorption. Perhaps, the reason for increased 
efficiency of the inoculated plants may be due to greater absorption surface of the 
plant roots by the formation of the far reaching extraradical mycelial 
interconnections. This eventually leads to increase in biomass and plant height 
(Liu et al., 2014) as a result of nutrient absorption which was similar to the 
present study. 
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Various studies have documented the use of mycorrhizas as an enhancer of 
metabolite concentration. Accumulation of compounds in wheat and maize 
(Vierheilig et al., 2000), was reported for Nicotiana tobacum (Maier et al., 1999), 
G. uralensis (Liu et al., 2007) following inoculation with AMF. In the current 
study, no difference was found in the chemical (metabolite) profile after HPLC 
analysis of extracts from control and AMF inoculated roots, but there was an 
effective increase in the concentration of the metabolites in the study in AMF 
treated compared to control plants. These results were similar to that observed in 
Origanum vulgare (Morone-Fortunato and Avato, 2008), Coriandrum sativum 
(Kapoor et al., 2002b) and Foeniculum vulgare (Kapoor et al., 2004). 
Glycyrrhizin, found in G. glabra, is an important metabolite and studies have 
demonstrated (Liu et al., 2007; Peipp et al., 1997) increases in glycyrrhizin 
content on AMF inoculations (Liu et al., 2014; Orujei et al., 2013) which were 
similar to the results reported here. This study, to the best of my knowledge, is 
the first study on metabolite concentrations with respect to AMF inoculations in 
W. somnifera that had targeted withanolides and for T .erecta targeting α-T. Also, 
there have been few or no reports on GLY and GLA being analysed in both roots 
and rhizomes. 
The initial process of establishing monoxenic cultures of AMF fungi requires an 
understanding of host suitability and affinity of the AMF fungi to be tested. For 
this purpose, the preliminary requirement was conducted and there was 
verification of the symbiosis being undertaken and the best combination which 
could be taken forward for monoxenic ROC development. Ri-TDNA transformed 
roots have shown greater colonization and higher extraradical hyphal 
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advancement than the untransformed root (Fortin et al., 2002). It has also been 
documented (Cranenbrouck et al., 2005) that 3 month old cultures of R. 
intratrdices can produce more than 10,000 spores which is in accordance with 
results presented here where the monoxenic culture of R. intraradices with host 
T. erecta after 12 week had produced approximately 15,000 spores. The present 
study was the first to demonstrate successful in vitro ROC establishment of T. 
erecta with R. intraradices and the first to attempt establishment of symbiosis in 
W. somnifera hairy root cultures with R. intraradices. However, all attempts in 
developing ROC of W. somnifera failed in the present study. It is possible that the 
signal molecules released by the hairy root are not recognised or not in favour for 
the symbiosis to occur in W. somnifera roots. However, the formation of a 
symbiosis was shown in earlier reports in in situ studies (Halder and Ray, 2006; 
Hosamani et al., 2011; Nagaraj and Sreenivasa, 2014; Yaseen and Ibrar, 2011) 
and also shown in the present in situ studies. Baylis (1975) hypothesised where 
transformed root cultures of W. somnifera have extensive root hairs there may be 
less of a need for or dependency on mycorrhizas.  
Thus, the present study has demonstrated the successful dual culture 
establishment, development and elicitation of secondary metabolite in the in vitro 
conditions. 
4.6 Conclusion 
The challenge before us is to increase the yield of staple crops and medicinal 
plants which are threatened by natural disasters including disease and improper 
agricultural practices. Consequently, assessment of the usefulness of utilising 
AMF in the process of cultivation is urgently required. Thus, selection of 
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effective AMF-plant species combinations is an essential step that formed the 
basis of the current study. The data provided in the thesis with the successful 
combination of W. somnifera and T.erecta with R. intraradices and symbiosis 
between G. glabra with C. etunicatum   provides very useful information for 
establishing the best combination for better quality yield for these species. Also, 
T. erecta ROC with R. intraradices have shown to be an effective way for 
production of secondary metabolites and mycorrhizal inoculum.  This, in vitro 
ROC established culture is a pure and relatively straight forward process for 
obtaining large quantities of AMF and secondary metabolites for further 
molecular and biochemical studies. It is clear that mycorrhizas act as a biotic 
elicitor and this aspect of the symbiosis is taken forward in the next chapter for 
use in “green method” development.
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Chapter 5 : Development of a “green method” for 
extraction of secondary metabolites from mycorrhized 
hairy root cultures  
 
5.1 Abstract 
Secondary metabolites from plants have been extracted mainly by using 
conventional methods. Mycorrhized hairy root cultures when extracted using the 
conventional means leads to the loss of mycorrhizas associated with roots. The 
mycorrhizas, if kept alive, can be used or recycled as a biofertilizer. Green 
extraction methodologies were investigated using mycorrhized hairy roots of 
Tagetes erecta so as to maintain roots and mycorrhizas viability along with the 
ability to extract the secondary metabolite, terthiophene. Ultrasound and shaking-
assisted extraction were used in combination with a range of solvents (including 
ethanol, methanol, hexane, nonane and dodecane), temperatures and times. 
Positive response was observed with 100% ± 0.00 viability of spores and healthy 
roots and hyphae that grew on minimal media with shaking using nonane and 
dodecane solvents. Significant release of α-Terthienyl (0.34 ± 1.23 mg/kg) was 
obtained using dodecane solvent in the shaking assisted extraction. This study 
shows the feasibility of green extraction methodologies on mycorrhized hairy 
root cultures. 
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5.2 Introduction 
At present, sustainability of production is a major driver for research into 
agricultural productivity. Thus, generation of value added products in a regular 
production pathway is an ideal sustainably-based process (Herrero and Ibáñez, 
2015).  In previous chapters it was shown that mycorrhized hairy roots of several 
species were rich sources of bioactive chemicals. In this chapter, I explore a 
number of ways in which metabolite extraction can be carried out while 
preserving the viability of the source hairy roots and their mycorrhizal symbiont. 
As previously mentioned plants are a useful and often primary source of 
secondary metabolites that may lead to the discovery of new bioactive 
metabolites. Extraction of the active ingredient to relative purity is an essential 
first step. Extraction of secondary metabolites has to be optimized for obtaining 
the maximum yield of the desired metabolite. Conventional methods of extraction 
have often utilised soxhlet extraction techniques (Anagnostopoulou et al., 2006; 
Jeong et al., 2004; Li et al., 2006; Manthey and Grohmann, 1996; Zia ur, 2006), 
but as a general technique it uses large volumes of solvents and is time 
consuming to perform which may lead to thermal decomposition of compounds. 
These drawbacks of conventional, destructive methods cannot be overlooked 
(Luque de Castro and Garcı ́a-Ayuso, 1998) and thus methods which are cost 
effective and use both lower volumes or non-hazardous solvents and extraction 
protocols are increasingly in demand. 
The drive for more cost effective, less destructive and more rapid extraction 
protocols has led to the introduction of novel extraction methods such as 
ultrasound-assisted extraction, microwave-assisted extraction, supercritical fluid 
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extraction, accelerated solvent extraction and enzyme-based extraction (Puri et 
al., 2012; Wang and Weller, 2006). Chemat (Chemat et al., 2012) coined the term 
‘green extraction’ for extraction processes where energy consumed is reduced, 
alternative solvents are used and renewable natural products are obtained, is not 
dangerous and a quality product is extracted. The principles of green extraction 
laid down by Chemat offer new ground to develop methods which fall under this 
category to be called green extraction methods. 
In the present study, Tagetes erecta has been used to develop a green extraction 
protocol. Its flowers have carotenoids (lutein esters) which have been reported to 
be beneficial for human health (Alves-Rodrigues and Shao, 2004; Piccaglia et al., 
1998) and are used in food industries. Green extraction processes involving 
supercritical carbon dioxide extraction and enzymatic treatments accompanied 
with solvent extraction have been used simultaneously for carotenoid extraction 
from flowers (Barzana et al., 2002, Gao et al., 2009).  
Other than the flowers, roots of Tagetes plants possess mainly thiophenes which 
are sulphur-containing plant metabolites (Margl et al., 2001; Minto and 
Blacklock, 2008; Szarka et al., 2010). The biocidal and antioxidant properties of 
thiophenes were explained in chapter 2. 2, 2´:5´, 2 ̋ - Terthiophene (α- T) is 
present in very small quantities in the roots of this species and is taken as a 
candidate metabolite in the present study. Almost without exception reports on 
the chemical profile of T. erecta roots have been derived from methods that 
require complete destruction of the roots (Jacobs et al., 1994; Mukundan and 
Hjortso, 1990). In chapter 3 and 4 of this thesis, α- T in hairy root cultures and 
mycorrhized hairy root cultures was successfully detected and quantified. In the 
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present chapter, mycorrhized hairy root cultures are the subject of study for its 
potential use in industrial scale up where secondary metabolites such as α- T are 
targeted for detection and quantification whilst maintaining mycorrhizal fungus 
and roots viability. Thus, recovery of viable mycorrhizal fungi from colonized 
hairy root cultures after extractive treatments would serve as a value added 
product that may have a number of end uses. 
Among the widely used green extraction methods, microwave assisted extraction 
and ultrasound assisted extraction (using probes) were not employed in the 
current study due to the increased temperature in root bathing media which would 
lead to cell disruption during the above mentioned treatments (Kratchanova et al., 
2004; Wang and Weller, 2006). 
Supercritical CO2 extraction, ultrasound assisted extraction (USAE) using bath- 
and shaking-assisted extraction (SAE) were selected for use. Supercritical CO2 
method was tested due to its pressure-based extraction principle (Roy et al., 
1996).  In UASE, the principle of ultrasonic waves forming cavitation bubbles 
which disrupt the cell membrane leading to release of metabolites was the second 
process selected for use (Cesaro et al., 2014; Geciova et al., 2002; Júnior et al., 
2006). In the SAE method, the extended contact with the solvent leads to a slow 
release of metabolites (Cicero et al., 2000) which is the third process to be 
considered here. It has also been reported (Zhang et al., 2011) that organic 
solvents with hydrophobicity (2< log P<9) were used to milk lipids from algal 
cells. Solvents with log P<5.5 are hydrophilic solvents which tend to penetrate 
very easily into the cell membrane, however with log P>5.5 solvents, due to less 
solubility in the aqueous phase, are considered to be suitable ‘biocompatible’ for 
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cells where viability is required. Thus, the role of these solvents was also 
considered in the present study during extraction and viability experiments. 
Until now there have been only a few reports on the study of the viability of plant 
parts during the extraction process. For example, Shotipruk et al., (2001) showed 
the potential of using an ultrasound bath on Mentha x piperata whole plants as a 
non-destructive extraction method for the regular release of menthol. Similarly, 
Weathers, et al., (1995) is another report where extraction of betalamic acid from 
hairy root cultures of Beta vulgaris involved destabilization and then 
restabilization of the hairy root tissue membrane thus maintaining viability. 
Taken together, in the present research, the term green extractions are methods 
that have been used to maintain the viability of the mycorrhizas and the roots 
during the secondary metabolite extraction process. Here, hairy root cultures 
colonized with arbuscular mycorrhiza fungi (AMF) have been used as raw 
material for extraction of secondary metabolites which to the best of my 
knowledge has not been attempted in any other reports and is a novel approach. 
With this approach the mycorrhizal symbiont can be recycled and can be used for 
establishing new symbioses thus serving as a value added product after the 
extraction process. 
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5.3 Materials and methods 
Preliminary studies 
Based on a review of the literature three methods were used primarily to examine 
their effect on mycorrhizas and roots viability in water which was the most 
important challenge in the present study. 
The methods chosen were: 
Ultrasound assisted exaction (USAE): This method involved treatment of 
mycorrhized hairy root cultures in water at 25, 30, 35 and 40 ͼC for 15, 30, 45 
and 60 mins. Viability of mycorrhizas was maintained till 60 mins. as observed 
using MTT viability test and light microscopic observation but with the 
increasing time there was loss of root biomass due to distortion of the surface. 
Shaking assisted extraction (SAE): The method involved treatment of 
mycorrhized hairy root cultures in water at 25, 30, 35 and 40 ͼC for 15, 30, 45 
and 60 mins at 140 rpm in an incubator shaker (Kuhner Shaker, Basel, 
Switzerland).  Viability of mycorrhiza was maintained till 60 mins. as observed 
using MTT viability test and light microscopic observation and there was no or 
only minimal loss of root biomass. 
Solid CO2 extraction: This was a modified method based on the principle of 
supercritical CO2 extraction (McKenzie et al., 2004). This method however, 
proved deleterious to the roots and mycorrhizas with the spore and root surface 
ruptured and disintegrated respectively due to the pressure developed during the 
treatment process on mycorrhized root cultures. The treated sample was studied 
using MTT assay for viability and observed under light microscopy and scanning 
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electron microscopy (Carl Zeiss, Jena, Germany). All viability and imaging 
methods were performed as explained in chapter 4. 
The results of the preliminary analysis are not shown in this chapter. Based on the 
above preliminary analyses UASE and SAE were used for further optimization 
with the root cultures. 
5.3.1 Plant material and growth conditions 
Rhizophagus intraradices colonized hairy root cultures of Tagetes erecta (TE1) 
selected from chapter 4 was used in the present study. The material for extraction 
was subcultured from the primary culture of the same age to maintain uniformity. 
These were incubated for 4, 8 and 12 weeks at 26 ± 2 ͼC in dark. Cultures were 
observed weekly for growth of roots and mycorrhizas spore production in the 
media. The mycorrhized root cultures were grown in 350 mL capacity jars 
containing 100 mL of M media (Becard and Fortin, 1988).  
5.3.2 Experimental design 
5.3.2.1 Preparation of mycorrhized hairy root cultures  
The mycorrhized hairy root cultures were observed with a stereozoom 
microscope (SZ16, Olympus, Japan) before harvest to select the best jars based 
on hypha and spore production under the time periods which were to be used for 
the treatments. Selected jars were then harvested with forceps in order to 
successfully remove the root part with minimum media adhered to the root. The 
harvested roots were then washed in 10 mM sodium citrate buffer (Doner and 
Becard, 1991) to solubilize any adherent media components which was followed 
by washing of roots in sterilized distilled water. Each 200 mg fresh weight from 
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this sample of roots was then cut with a scalpel to approx. 5 cm in length for use 
in each treatment. For each treatment three replicates were used and all 
treatments were carried out under aseptic conditions 
5.3.2.2 Determining optimal harvest time and solvent selection 
Based on the results of chapter 4, it was important to select the best stage in terms 
of harvesting period of the mycorrhized roots cultures that should be considered 
for the green extraction protocol with respect to metabolite, mycorrhizal hyphal 
and spore production. 
5.3.2.2.1 Methanol and ethanol based extraction of 4 week old 
mycorrhized hairy root culture using ultrasound assisted 
extraction 
Based on our metabolite studies in chapter 3 and 4, four week old mycorrhized 
root culture was selected for study being the stage which produced the maximum 
metabolite (terthiophene) concentration. Tagetes erecta as in the published 
reports was mainly extracted using methanol and ethanol. Thus, these two 
solvents were used for treatments at two temperatures, 25 ͼC (optimum 
temperature for R. intraradices growth) and 40 ͼC (maximum temperature for 
mycorrhizas viability) at 10, 20, 30, 40, 50 and 100% concentration of each 
solvent. Sterilized water was taken for each treatment as the control. An absolute 
control was also taken which was subjected to no treatment but was suspended in 
sterilized distilled water for the same time period and temperature as the 
treatments. All solvent mixtures were made up to 10 mL final volume. Test tubes 
were plugged with sterile cotton wool before ultrasound treatment. UASE was 
performed using a sonication bath (B3510E-DTH, Branson Ultrasonics, Danbury, 
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U.S.A.) at 15 min for 25 and 40 ͼC for each of the solvents at the above 
mentioned percentages. The region in which the tubes were suspended in the 
sonication bath was selected according to the aluminium foil efficiency test as 
explained in chapter 2. A constant temperature was maintained in the bath using 
cold water. After completion of the experiment, post treatment analyses were 
followed. 
5.3.2.2.2 Methanol based extraction and comparison between 8 
and 12 week old mycorrhizal cultures using ultrasound-assisted 
extraction and shaking-assisted extraction  
Harvested 8 and 12 week old mycorrhized root culture samples were treated with 
methanol at 10 to 30% methanol concentrations at 25 ͼC with various 
combinations of sonication and shaking assisted (140 rpm) extraction treatments. 
The treatments used were: ultrasonication at 15 min; shaking at 60 min; 
ultrasonication for 5 min followed by 60 min shaking and finally ultrasonication 
for 10 min followed by 60 min shaking. 
All other steps were similar to section 5.3.2.2.1. 
 
5.3.2.2.3 Methanol based extraction of 12 week old cultures and 
comparison between 15 min and 30 min using ultrasound assisted 
extraction treatment 
Harvested mycorrhiza colonized roots of 12 week old cultures were subjected to 
ultrasound assisted extraction treatments for 15 and 30 min at 10 to 50% 
methanol concentrations at 25 ͼC. All other steps were similar to those described 
in section 5.3.2.2.1. 
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5.3.2.2.4 Ultrasound and shaking assisted extraction with organic 
solvents having different hydrophobicity (2 < log P < 9) in 12 
week old culture  
Harvested mycorrhiza colonized roots of 12 week old cultures were treated at 25 
ͼC with three solvents. The solvents selected were hexane (Merck Mumbai, 
India) with log P <5.5, nonane and dodecane (both purchased from Sigma, 
Bangalore India) with log P>5.5. In all cases 100% solvent concentration was 
used. The treatments used were as under: Ultrasonication with hexane, nonane or 
dodecane at 15 and 30 mins; Ultrasonication with nonane or dodecane at 15 and 
30 mins; shaking with hexane, nonane or dodecane at 60, 120 and 180 mins. 
All other steps were similar to those described in section 5.3.2.2.1. 
5.3.3 Post extraction analyses 
The treated roots were first separated from the solvent. The roots were then 
washed five times with sterilized distilled water and were subjected to viability 
analysis. The original extract and the extract in the washed sterile water were 
pooled. The pooled phase was lyophilized (Labconco lyophilizer, United States 
of America) at −94.3 °C at 141 kPa for 72 h. Dried extract was resuspended in 1 
mL of 100% methanol (HPLC Grade, Merck) which was then filtered (0.45 μm 
Millipore, Merck) before subjecting to HPLC analysis.  
5.3.3.1 Viability Test 
5.3.3.1.1 Determination of spore viability by MTT assay  
For assessing viability, MTT {3-(4, 5-dimethyl–2–thiazolyl)-2, 5-diphenyl-2H 
tetrazolium bromide} (Sigma, Mumbai, India) assay was performed. A 0.01% 
MTT solution was prepared and for treatment roots were incubated in the 
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solution for 40 hrs at 26 ± 2 ºC in dark. Red to reddish pink coloured spores was 
considered viable when assessed for viability under a stereozoom microscope 
(SZ16, Olympus, Japan) using external light. 
 
5.3.3.1.2 Examination of in vitro growth of mycorrhized root 
cultures  
For assessing growth of roots,  hypha and  spore development, the treated roots 
were placed  on M medium (Becard and Fortin, 1988) gelled with 0.3% phytagel 
(Sigma, Bangalore, India) at pH 5.4 in Petri plates (90 mm diameter). The Petri 
dishes were then incubated (Lovibond, Dortmund, Germany) at 26 ± 2 °C in dark 
and were observed under stereomicroscope (SZ16, Olympus, Japan) every 
alternate day for subsequent growth of colonized root cultures. Viability was 
assessed on a scale of no viability to high viability where dash (-) indicates no 
viability, number of plus (+, low viability; ++, moderate viability; +++, high 
viability).  
5.3.3.2 HPLC conditions and analysis 
All extracts of T. erecta were analysed using HPLC. All extraction 
methodologies and HPLC programming followed is similar chapter 1 (section 
2.3.7) for T. erecta. 
5.3.4 Statistical analysis 
All data was analysed using a commercial software package (SPSS Statistics 22, 
IBM). Two way analysis of variance was used to analyse metabolite 
concentration and spore viability percentage between different treatments and 
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solvents in mycorrhized root cultures. Statistical significance was determined at 
the p < 0.05 level using the Duncan post-hoc test. 
5.4 Results 
5.4.1 Mycorrhized hairy root cultures 
For various analyses 4, 8 and 12 week old cultures were used (Fig. 5.1). It was 
observed that 4 week old hairy root culture had young white roots which started 
turning brown on gaining maturity along with the newly formed white root 
cultures growing on the media. Highly branched, mature brown roots were seen 
in the media jar. Also, seen in all three jars was the difference in the colour of the 
media which probably is due to the presence of phenolics being released by roots 
with incubation. 
Figure 5.1 Different ages of R. intraradices colonized hairy root cultures. (a) 
Four week old culture (b) Eight week old culture (c) Twelve week old culture.  
 
5.4.2 Analysis for optimal age and solvent selection 
Age selection is an important criteria for efficient and maximal extraction with 
respect to the end products. This step was important as the results in chapters 3 
and 4 showed 4 week old culture to be more productive in terms of metabolite 
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yield. Thus, 4, 8 and 12 week old myorrhized root cultures were tested with 
various solvents using different extraction methodologies. 
5.4.2.1 Four weeks old mycorrhized hairy root culture  
After ultrasonication treatment with ethanol and methanol, it was observed that 
control, absolute control and 10% methanol at 25 °C were similar with blue 
colouration in the roots stained with MTT assay (Fig. 5.2a, b and c). MTT results 
were correlated with the growth of roots (Fig. 5.3a, b and c) and hypha on the M 
media plates. 10% ethanol was deleterious with empty spores (Fig. 5.2d) and 
non-viable roots (Fig. 5.3d). However, 40 °C temperature which was the 
maximum temperature at which mycorrhiza survived proved deleterious to the 
roots in both 10% methanol and ethanol (Fig. 5.2e, f and 3e and f) during the 
ultrasonication treatment. All other concentrations namely 20, 30, 40, 50 and 
100% methanol and ethanol proved fatal to both mycorrhizas and roots. 
However, it was observed that it is only at higher concentrations of methanol (50 
and 100%) and ethanol (40, 50 and 100%) that the secondary metabolite was 
released (Table 5.1). Thus, it can be concluded that four week old mycorrhized 
hairy root culture at 25 C and 10% methanol maintained viability of both roots 
and mycorrhizas with no production of α-T. It was also noted that viability of 
intraradical spores cannot be calculated at 4 weeks due to only hyphae being 
present at this stage. Thus, the use of ethanol as solvent and 40 °C temperature 
were excluded from further study. 
 
Chapter 5 Green Extraction 
  
193 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2  MTT stained roots. (a), (b) and (c) Absolute control, control (25 °C) 
and 10% methanol (25 °C) treated roots showing viability indicated by blue 
colour (br-blue root). (d) Roots treated with 10% ethanol (25 °C) showing empty 
spores (es). (e) and f) 10% methanol and ethanol treatment at 40 °C respectively 
showing distorted roots (dr). 
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Figure 5.3 Minimal media plates with treated roots for viability study. (a), (b) 
and (c) absolute control, control (25 °C) and 10% methanol (25 °C) treated roots 
showing viability indicated by actively growing roots (ar). (d), (e) and (f) roots 
treated with 10% ethanol (25 °C) and 10% methanol and ethanol at 40 °C 
respectively showing dead roots (dr). 
 
 
 
 
 
Chapter 5 Green Extraction 
  
195 
 
Table 5.1 α-Terthienyl (α-T) mg/kg FW concentration released after USAE using 
different concentrations of methanol and ethanol at 15 min. 
Treatments Methanol (15 min)  Ethanol (15 min) 
 25 ͼC  40 ͼC   25 ͼC  40 ͼC  
Control 
(Water) 
ND ND  ND ND 
10% ND ND  ND ND 
20% ND ND  ND ND 
30% ND ND  ND ND 
40% ND ND  0.36 ±  
0.57 d 
0.49 ±  
1.15 c 
50% 0.22 ±  
0.67 d 
0.58 ±  
1.24 c   
0.64 ±  
1.07 b 
1.24 ±  
0.55 a 
100% 0.74 ±  
0.98  b 
1.19 ±  
1.66 a  
0.25 ±  
0.67 d 
0.36 ±  
      0.93 d 
Values are means of 3 replicates ± standard error. ND stands for not detected. 
5.4.2.2 Eight weeks old mycorrhized hairy root culture  
Keeping 25 °C temperature constant in all treatments, ultrasoniaction, shaking 
and a combination of both were used as methods to check viability and α-T 
production. Since higher percentages were deleterious for viability 10, 20 and 
30% methanol were used. It was observed that root and spore viability was seen 
in all the treatments in 8 week old cultures at 10 % methanol which also 
correlated with the roots and hyphal growth (shown as tick and number of stars 
indication performance) on M media (Table 5.2). There was some root and 
hyphal growth noted in 15 min ultrasonication, 5 min sonication and 60 min 
shaking and only 60 min shaking at 20% methanol in 8 week old roots. Only 
hypha was found to grow for some distance in 10 min ultrasoniaction with 60 
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min shaking. It was also observed that at 20% methanol in all treatments, the 
hyphal growth stopped after one week from the start of hyphal growth initiation. 
However, there was no α-T production in all the above treatments. 
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Table 5.2 Viability study with different concentration of methanol using ultrasonication, shaking and combination of both at 25 °C 
 
Values are means of 3 replicates ± standard error. Tick (√) indicates presence of viability with respect to growth. Number of plus (+) indicates 
performance. R, H and S stands for root, hypha and spore. 
 
 
 
  Methanol 25 ͼC 
  15 min ultrasonication  5 min  
 ultrasonication   +  
60 min shaking 
 10 min  
ultrasonication   + 
 60 min shaking 
 60 min shaking 
Treatments Weeks R H S  R H S  R H S  R H S 
 
 
10% 
8  √+++ √+++ √+++  √+++ √+++ √+++  √+++ √+++ √+++  √+++ √+++ √+++ 
12  √+++ √+++ √+++  √+++ √+++ √+++  √+++ √+++ √+++  √+++ √+++ √+++ 
 
 
20% 
8  √+ √+ -  √+ √+ -  - √+ -  √+ √+ - 
12  √+ √+ -  √+ √+ -  - √+ -  √++ √++ - 
 
 
30% 
8  - - -  - - -  - - -  - - - 
12  - - -  - - -  - - -  √+ √+ - 
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5.4.2.3 Twelve weeks old mycorrhized hairy root culture  
5.4.2.3.1 Methanol based extraction  
It was observed when compared, that 12 week old culture was significantly different 
when compared to 8 week old culture in terms of root and hypha viability present at 20 
and 30% concentration during 60 min shaking (Table 5.2) on M media. An increase in 
ultrasound time to 30 min proved to dramatically reduce viability of roots, hypha and 
spores and with no production of α-T. However, release of α-T started in 12 week old 
cultures treated with 20% and above concentrations but with no viability. It can thus be 
concluded that methanol was also not an appropriate solvent as higher concentrations 
killed roots and spores and lower concentrations did not liberate α-T. It was observed 
that there was an increase in the α-T discharged at 30 min of ultrasound treatment from 
20 to 50 % methanol (Table 5.3). 
Table 5.3 Different concentrations of methanol at two points studied for α-Terthienyl 
(α-T) release mg/kg FW and viability analysis of 12 week old cultures after ultrasound 
treatment. 
Methanol 25 ͼC 
15 min 30 min 
Treatments α-T  
(mg/kg) FW R H S  α-T   (mg/kg) FW R H S 
10% ND √+++ √+++ √+++  ND √+ √++ √++ 
20% ND √+ √+ -  0.03 ±  0.82 c √+ - - 
30% ND - - -  0.05 ± 0.94 c - - - 
40% ND - - -  0.07 ± 1.59 c - - - 
50% 0.13 ± 1.14 b - - -  0.32 ±  2.20 a  - - - 
Values are means of 3 replicates ± standard error. ND stands for not detected. R, H and 
S stands for root, hypha and spore. Tick (√) indicates presence of viability with respect 
to growth. Number of plus (+) indicates performance. 
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5.4.2.3.2 Ultrasonication and shaking assisted extraction with organic 
solvents having different hydrophobicity (2 < log P < 9) in 12 week old 
culture  
It was observed that ultrasonication treatments (Table 5.4) viability of hyphae and 
spores was maintained with hexane and α- T was also released both after 15 and 30 min 
of exposure but roots were physically disrupted due to the effects of ultrasound in 
combination with hexane. There was 100% viability of spores and good growth of roots 
and hyphae seen in roots treated with nonane and dodecane and treatments with these 
solvents also released α- T at the 30 min of exposure period.   
In shaking treatments (Table 5.5) positive results were found with respect to viability 
and α- T release. However, it was observed that there was an increase in α- T 
production with time involved in shaking with hexane as solvent but viability was lost 
in the process. Positive results were obtained with 100% ± 0.00 viability of spores and 
healthy roots and hyphae that grew in M media with shaking using nonane and 
dodecane even at 180 min of exposure to the solvents with production of α- T. No α- T 
was released at 60 and 120 min of exposure. Treatment with dodecane produced the 
highest α- T concentration extracted which was significantly different from that 
obtained following nonane and hexane extraction.  
Viability of mycorrhizas was seen in dodecane and nonane treatments (Fig. 5.4a, b, d 
and e, f and g) respectively. However, viability of spores (Fig. 5.4c, i) was maintained 
upon hexane treatment with death of roots (Fig. 5.4f). The hexane treatment as shown 
in Fig. 5.4j, k and l shows that viability was lost on shaking at 60, 120 and 180 min. 
The colour of spores after MTT treatments was observed to be light pink to colourless 
in the subsequent shaking treatments.  
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 It can thus be concluded that dodecane can be used as a solvent for extraction of α- T 
and that root and mycorrhizal viability is maintained. 
Figure 5.4 Twelve week old mycorrhized cultures after shaking assisted extraction 
treatments. (a), (d) and (b), (e) growth of roots and sporulation (s) in minimal media 
observed in dodecane and nonane treated roots respectively. (g)  and (h) Viable spores 
(vs) after MTT assay in dodecane and nonane treated roots respectively; (c) branching  
hypha (bh) growing after hexane treatment. (f) Dead root after hexane treatment; i) 
viable spores (vs) and distorted root (dr) after treatment with hexane. (j), (k) and (l) 
MTT assay of hexane at 60, 120 and 180 min respectively with non viable spores (nvs). 
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Table 5.4  Hexane, nonane and dodecane solvents at two points studied for α- Terthienyl (α- T) mg/kg FW release and viability analysis of 12 
week old cultures after ultrasound treatment 
 
Ultrasonication at 25 ͼC 
Solvents  15 min  30 min 
  α- T R H S VP  α- T R H S VP 
Hexane  0.071 ± 1.09 b - √+++ √+++ 37.00 ± 1.58 b  0.08 ± 2.08 b - √+++ √+++ 17.00 ± 1.66 b 
Nonane  ND √+++ √+++ √+++ 100.00 ± 0.00 a  0.09 ± 1.15 b √+++ √+++ √+++ 100.00 ± 0.00 a 
Dodecane  ND √+++ √+++ √+++ 100.00 ± 0.00 a  0.38 ±  2.03 a √+++ √+++ √+++ 100.00 ± 0.00 a 
Values are means of 3 replicates ± standard error. Tick (√) indicates presence of viability with respect to growth. Number of plus (+) indicates 
performance. ND stands for not detected. R, H, S and VP stands for root, hypha, spore and viability percentage. Different values indicate 
statistically significant differences (p< 0.05) by Duncan’s post hoc test comparing treatments of all solvents in terms of metabolite production 
and viability percentage. 
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Table 5.5 Hexane, nonane and dodecane solvents at three points studied for α- Terthienyl (α- T) mg/kg FW release and viability analysis of 12 
week old cultures after shaking treatment 
 
Values are means of 3 replicates ± standard error. Tick (√) indicates presence of viability with respect to growth. Number of plus (+) indicates 
performance. ND stands for not detected.  R, H, S and VP stands for root, hypha, spore and viability percentage. 
 
Shaking at 25 ͼC 
Solvents 60 min 120 min 180 min 
 α- T R H S VP α- T R H S VP α- T R H S VP 
Hexane 0.04 ± 
 2.01 b 
- √+ √+ 24.00 ± 
 2.66 b 
0.05 ±  
1.75 b 
- - - 00.00 ±  
0.00 
0.08 ±  
1.05 b 
- - - 00.00 ±  
0.00 
Nonane ND √+++ √+++ √+++ 100.00 ±  
0.00 a 
ND √+++ √+++ √+++ 100.00 ± 
0.00 a 
0.06 ±   
2.13 b 
√+++ √+++ √+++ 100.00 ± 
 0.00 a 
Dodecane ND √+++ √+++ √+++ 100.00 ±  
0.00 a 
ND √+++ √+++ √+++ 100.00 ± 
0.00 a 
0.34 ±  
 1.23 a 
√+++ √+++ √+++ 100.00 ±  
0.00 a 
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5.5 Discussion 
The results obtained in this study demonstrated the feasibility for the use of 
ultrasound assisted extraction (USAE) and shaking assisted extraction (SAE) 
using nonane and dodecane solvents as a green method of extraction where 
secondary metabolite was released and roots and mycorrhizas viability was 
maintained in mycorrhized hairy root cultures. Green extraction, where viability 
has been investigated and successfully re-established, has been described in only 
a few reports (for example, Shotipruk et al., 2001 and Weathers et al., 1995) a 
method where metabolite extraction along with the survival of a symbiotic 
association is afforded has been described for the first time in the present study. 
The term “green extraction” in the present research has been used to indicate the 
use of solvents and employment of methodologies that produce non-lethal effects 
during extraction. 
Conventional methods of extraction principally involve destruction of the plant 
tissues and thus killing everything associated with it. In my research, the aim was 
to investigate a non-destructive extraction method for hairy root cultures of 
Tagetes erecta symbiotically associated with AMF. Two extraction methods, 
ultrasound- and shaking- assisted extraction, were chosen as a means of non-
lethal extraction due to them being based on sound waves in the former which 
can be frequency controlled and timed and continuous agitation that caused 
limited shearing in the latter. 
USAE is a process using sound waves which causes the disruption of cell wall of 
plants facilitating release of metabolites due to cavitation (Cesaro et al., 2014; 
Geciova et al., 2002; Júnior et al., 2006). However, in SAE it is the continuous 
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movements of solvents across the root at a particular speed thus producing a kind 
of kinetic energy which aids in extraction. Also, advantages of the use of SAE 
include that it is an inexpensive and easy to use system (Cicero et al., 2000). All 
USAE and SAE are destructive to an extent but their use allows flexibility for 
various permutations and combinations of extraction conditions. Along with the 
instrumentation involved in extraction the role that temperature plays is crucial in 
the extraction process as efficiency of metabolite extraction is dependent on this 
factor. 
Temperature is an important factor in the growth and survival of AMF (Gavito et 
al., 2005; Staddon et al., 2002). Temperature was thus selected keeping the 
viability of AMF into consideration. For the present research two temperatures, 
one optimum (25 °C) and another highest limit  temperature (40 °C) were 
selected (mycorrhizas were found to be viable in water in my previous studies). 
The higher limit for temperature selection was selected as at higher temperatures 
and exposure to ultrasound extraction efficiency would increase. Lower 
temperatures were not selected as extraction efficiency would then be greatly 
reduced.  
In my research I have used ethanol as the solvent for extraction from Tagetes 
roots (chapter 2, 3 and 4) which is also a standard solvent mostly used for α- T 
recovery (Jacobs et al., 1994). However, it was observed that ethanol impacted 
viability of the mycorrhizas (Table 5.1 and Fig. 5.2d and 5.3d) as the results 
showed that the treated extraradical spores were empty due to loss of lipid 
globules present in the spore. The next solvent selected was methanol to test 
viability. Also, it was observed that use of the solvents methanol and ethanol at 
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higher temperatures reduced viability of both roots and mycorrhizas. Thus, the 
optimum temperature (25 °C) where mycorrhizas freely propagate was selected 
for further treatments.  
For any extraction methodology to produce the desired results the method of 
selection of starting material plays an important role. In the current study the age 
of mycorrhizas was found to be an important factor. It was found that after 50% 
methanol treatment at 25 °C, four week old cultures released more than twelve 
week old cultures. MTT assessment and growth of roots and hyphae on M media 
after treatment were used as an indicator of viability. It was also observed in the 
present study that the more mature was the roots and mycorrhizas (intraradical 
spore formation) the more were the chances for survival under harsh extraction 
conditions. Possibly this could be due to secondary wall thickening in the roots as 
well as mycorrhizal spores. However, clearly there needed to be a compromise 
made between the survival of mycorrhizas and roots and to the level of 
metabolite production. Thus, 12 week old mycorrhized hairy root cultures were 
more resilient to treatment compared with 4 and 8 week old cultures. The use of 
hexane, nonane and dodecane proved to be useful for both maintaining viability 
and α- T release. Although viability was much less in hexane treated roots and it 
was reduced further with increase in exposure time. The concentration of α- T 
released by dodecane was five fold that released for nonane. 
Overall, the survival of the mycorrhizal fungus and the host root can be 
attributed, at least in part, to the hydrophobicity of the solvents. Methanol, 
ethanol and hexane have log P<5.5 which allows easy penetration of solvents to 
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the cells but solvents with log P> 5.5 such as nonane and dodecane possess less 
solubility in water and thus their penetration is slow and there is less cellular 
degradation. Accelerated release occurred in the case of USAE which, with 
increased exposure, led to increase in α- T yield but viability of the root was 
affected due to significant distortion. This method thus needs to be optimized 
with respect to time of exposure and the frequency (Hz) of treatment. SAE, due 
to increased contact with the surface resulted in gradual release of α- T, although 
the time taken for the release was lengthened but with lesser deleterious effects 
on the root surface. The mycorrhizal partner however, in both cases, remained 
viable. A direct relationship was found where increase in time of exposure also 
increased the release of metabolite and thus pre-treatment of roots in SAE can be 
proposed for more rapid and increased metabolite release. 
5.6 Conclusion 
The present study showed that green, non-destructive extraction from 
mycorrhized hairy root cultures of Tagetes erecta was achievable. The use of 
ultrasound and shaking assisted extraction involving nonane and dodecane 
solvents is proposed as a green extraction process that yields metabolites while 
maintaining roots and mycorrhizas viability. This non-destructive extraction 
method is clearly a promising approach which needs further optimization at a 
pilot scale level but with the clear possibility of development to commercial 
scale.  More investigation is required to establish the best use of the compatible 
solvents for non-destructive extraction from mycorrhized roots. 
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Chapter 6 : Determination of the antioxidant potential of 
secondary metabolites derived from in situ grown plants 
and hairy root cultures using a chemiluminescence assay 
6.1 Abstract 
A rapid method for determination of antioxidant potential is described for the 
first time for Withania somnifera, Tagetes erecta and Glycyrrhiza glabra root 
extracts using HPLC with post column acidic potassium permanganate 
chemiluminescence detection. Acidic potassium permanganate 
chemiluminescence signals showed good agreement with UV-absorbance signals 
in both conventionally grown roots and the transformed hairy root cultures of the 
same plant. The limits of detection for Withaferin A in W. somnifera root extracts 
was 0.93μM and for α-Terthienyl in T. erecta roots extracts was 1.7μM. 
Moreover, it is the second only report to the best of my knowledge where the 
unexplored sphere, the roots of T. erecta was used for the study and is identified 
with antioxidant potential. This analytical approach is thus a potentially fast way 
for qualitative and quantitative determination of the antioxidant nature of crude 
extract as well a targeted metabolite.  
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6.2 Introduction   
During metabolism the human body produces electrically charged molecules 
known as free radicals that attack cells and cause oxidative stress. These are 
produced through environmental pollutants, as a byproduct of respiration and 
during the process of cell mediated immune functioning (Li and Trush, 1994; 
Mates et al. 2000). Usually the balance between the amount of free radicals being 
produced and the antioxidant defense mechanisms of the body differ due to 
various factors which lead to tissue injury and consequent diseases (Finkel and 
Holbrook, 2000). Synthetic drugs available for curing the oxidative destruction 
harbor potential side effects. Natural oxidants from food supplements and 
conventionally used herbal medicines and have been put forward as an alternative 
(Hazra et al., 2008; Yazdanparast et al., 2008). Plants such as Withania somnifera 
and Glycyrrhiza glabra are well established as species that produce secondary 
metabolites with antioxidant activity. Similarly, Tagetes erecta flowers has 
shown to have antioxidant properties, however, to my knowlegde their has been 
very few reports of antioxidant activity in the roots of this species. For W. 
somnifera, G. glabra and T. erecta in conventionally grown plants and hairy root 
cultures there are no reports of the use of chemiluminescence detection for 
antioxidant activity. 
Withania somnifera roots are known to improve health by providing defense 
against diseases, prevention against environmental factors, in arresting biological 
process of aging and producing a feeling of mental happiness and are thus 
identified in Rasayanas as a group of plant derived drugs (Weiner and Weiner, 
1994), although none of these purported health benefits have been rigoursly and 
scientifically tested. Various antioxidant assays to test antioxidant activity in 
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plant extracts have been proposed (Koleva et al., 2002). Assessment of 
antioxidant activity for W. somnifera extracts has been examined using 
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX) 
activity assay reducing capacity assay, 2, 2-diphenyl, 1-picryl hydrazyl radical 
(DPPH˙) scavenging activity, hydroxyl group reducing activity, estimation of 
total phenol and ascorbic acid and ferric reducing/antioxidant power (FRAP) 
assays (Alam et al., 2012; Ansari et al., 2013; Bhattacharya et al., 1997; 
Chaudhuri et al., 2012). 
Tagetes erecta (marigold) has been used traditionally as a source of anti-
inflammatory, analgesic, anti-edematous agents. The medicinal properties of the 
plant are thought to be due to the presence of some essential compounds such as 
terpenes, essential oils, flavonoids, carotenoids and sesquiterpenes (Campos et 
al., 2005). Antioxidant potential was reported in the flower’s essential oil 
(Gutierrez et al. 2006) and in ethanolic extracts (Chivde et al., 2011). The 
ethanolic extract of the roots showed scavenging activity of free radicals, thus 
showing  antioxidant activity (Gupta et al. 2012) but the antioxidant potential of 
T. erecta roots specifically the targeted metabolite, 2,2:5,2-Terthiophene (Fig. 
6.1b), is still largely unexplored.  
Roots and rhizomes of G. glabra have been used in various decoctions in 
traditional systems of medicine. Roots and rhizomes are purportedly known to 
have various medicinal activities (The  Ayurvedic Pharmacopoeia of India, 
2001). There have been few studies about the antioxidant potential of the 
extracts. Extracts from roots consist mainly of glycyrrhizic acid (GLY), also 
known as Glycyrrhizin (Fig. 6.1c) a triterpenoid saponin that is also reported to 
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show antioxidant activity (Cheel et al., 2013; Chopra et al., 2013; Sharma and 
Agrawal, 2014). 
 
Figure 6.1 Chemical structures of secondary metabolites. (a) Withaferin A 
((4β,5β,6β,22R)-4,27-Dihydroxy-5,6:22,26-diepoxyergosta-2,24-diene-1,26-
dione, (b) α-Terthienyl (2,2:5,2-Terthiophene) (c) Glycyrrhizin ((3β)-30-
Hydroxy-11,30-dioxoolean-12-en-3-yl2-O-β-D-glucopyranuronosyl-α-D-
glucopyranosiduronic acid. Source:  http://www.chemspider.com/Chemical-
Structure. 
 
Various analytical procedures have emerged for assessment of antioxidants 
including 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 2′-azinobis (3-
ethylbenzothioazoline-6-sulfonic acid) ABTS which are two very commonly 
used spectrometric methods of analysis. Furthermore, DPPH· and ABTS·+ 
chromogens being long-lived radicals have been utilized for post column HPLC 
detection (Niederländer et al., 2008). However, these methodologies due to the 
complex nature of crude extracts is not efficient for detection of antioxidants on 
an individual basis and also take considerable time in preparation of reagents to 
the final analysis (Huang et al., 2005; Karadag et al., 2009).  
Chemiluminescence is an alternative technique for detection of antioxidant 
potential and provides highly sensitive, comparably simple instrumentation, high 
speed of response and low limits of detection (Nauš, 2001). Chemiluminescence 
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is the emission of ultraviolet, visible or infrared light from an electrically excited 
intermediate or output of chemical process where the kinetics and 
thermodynamics of chemiluminescent reaction and the process of solution mixing 
are responsible for the formation of an emitter. Flow-based analytical methods 
contribute to an ideal platform to merge samples with chemiluminescence 
reagents before the reaction mixture reaches to the photodetector at its highest 
emission intensity (Adcock et al., 2011; Francis and Hogan, 2008). 
Acidic potassium permanganate in chemiluminescene reactions has been used for 
estimation of total antioxidants of wines, fruit juices and teas (Costin et al., 
2003). Strong response from oxidizable phenols and related compounds (Adcock 
et al., 2007) is picked up due to emission from an excited manganese (II) species 
(Adcock et al., 2008) formed in the chemical process. The process produces 
signals which show agreement with the generally used assays and thus can be 
used as an alternative for rapid analysis (Francis et al., 2010). Loss of resolution 
and band broadening in regular chemical assays is overcome by utilization of 
acidic potassium permanganate chemiluminescence for screening components of 
composite samples (Conlan et al., 2010).  
Acidic potassium permanganate chemiluminescence is used in this study to 
identify the presence of antioxidant signals in the extracts and also to analyze the 
antioxidant potential of the targeted molecules. This method is being used for the 
first time on W. somnifera, T. erecta and G. glabra extracts to study the 
antioxidant potential of root extracts.  
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6.3 Materials and methods 
 
6.3.1Flow injection analysis (FIA) and High Performance Liquid 
Chromatography (HPLC) ---the online chemiluminescence 
detection unit 
FIA instrumentation was constructed as previously described (McDermott et al., 
2011). An Agilent Technologies 1200 Series liquid chromatography system 
(Agilent Technologies, Vic, Australia) using Agilent Chemstation software was 
used for system control and data acquisition for chromatographic analysis. The 
chemiluminescence reagent was propelled at 1.0 mL min-1 using a Gilson 
Minipuls 3 peristaltic pump (John Morris Scientific, NSW, Australia). A T-piece 
was used to merge analytes with the acidic potassium permanganate before 
entering the coil-tubing detection flow-cell. The flow-cell was mounted flush 
against the window of a photomultiplier tube (Electron Tubes model 9828SB; 
ETP, NSW, Australia) encased in a light-tight housing and powered by a stable 
power supply at 950 V. Detectors for chemiluminescence was connected to 
HPLC by replacing the carrier line with the output of the column. A Hewlett-
Packard analogue-to-digital interface box (Agilent) was used to convert detector 
signals.  
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Figure 6.2 Protocol for chemiluminescence detection in plant extracts. A. 
Schematic presentation of methodology followed with extraction and analysis 
during determination of antioxidant signals. B. Blue colour line in the 
chromatogram indicates acidic potassium permanganate chemiluminescence 
detection and red colour indicates signals during UV-absorbance. X-axis label 
represents time in minutes and y-axis label represents arbitrary units.  
6.3.2 Reagents and Standards  
Chemiluminescence detection used potassium permanganate (Chem Supply, 
Australia), sodium polyphosphate (Sigma-Aldrich, Australia) and analytical 
grade sulphuric acid (Merck, Australia). For extraction analytical grade methanol 
and ethanol were used (Merck, Australia). HPLC grade methanol (BDH 
chemicals, England) and HPLC grade water (18.2 MΩ) filtered through a 0.2μm 
filter was prepared inhouse. Standards used were of Withaferin A (Sigma-
Aldrich, USA), 2, 2´:5´, 2 ̋ - Terthiophene and Glycyrrhizic acid ammonium salt 
from glycyrrhiza root (GLY) (Sigma-Aldrich, Australia). 
6.3.3 Sample preparation  
All extraction methodologies followed is similar to chapter 3 (section 3.3.7.2) for 
W. somnifera and chapter 2 (section 2.3.7) for T. erecta and G. glabra. For 
sample preparation of T. erecta, TE2 (conventionally grown roots and hairy root 
cultures) and for G. glabra (conventionally grown roots) the protocol was used. 
For sample preparation germplasm WS 10 from conventional in situ set up (as 
described in chapter 2) and Agrobacterium rhizogenes transformed  hairy root 
cultures (as described in chapter 3) of the same germplasms were extracted with 
grinding and sonication methods using 60:40 (methanol: water) as the extraction 
solvent. The pooled chloroform phase was evaporated to dryness (Rota vapor, 
461, Buchi, Switzerland). Dried extract was resuspended in 2 mL of 100% 
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methanol (HPLC Grade, Merck) which was then filtered (0.45 μm Millipore, 
Merck) before subjecting  HPLC analysis and post column chemiluminescence 
detection (Fig. 6.2).  
All hairy root cultures were maintained at Centre for AgriBioscience, La Trobe 
University, Victoria, Melbourne, Australia and extraction and HPLC analysis was 
performed at Deakin University, Waurn Ponds, Geelong, Australia. Hairy root 
cultures of G. glabra were not analyzed.  
6.3.4 HPLC analysis 
All extracts of W. somnifera were analyzed using HPLC. A calibration curve for 
WA standard (Sigma, USA) was prepared. Peak areas were plotted against the 
corresponding concentration. Chromatographic analysis of the filtered extract 
was carried out on an Agilent Technologies 1200 Series liquid chromatography 
system (Agilent Technologies, Vic, Australia) with a C18 AltimaTM column (250 
x 4.6mm, 5μm). For withanolides, water containing  0.1% acetic acid served as 
mobile phase solvent A and solvent B was methanol containing 0.1% acetic acid. 
A gradient programming was used  at 27°C, first at 40% B changed to 60% B 
over 30 min, maintained for the next 2.0 min, changed to 75% B at 45 min and 
then to 95% B at 55 min and then to 100% B till the 60 min. The flow rate of 0.6 
mL min-1 was kept throughout the program and increased to 1.0 mL min-1 from 
the 55th min to the 60th min. All the gradient segments were linear and the 
chromatograms were recorded at a wavelength of 280 nm.  
All extracts of T. erecta were analyzed using HPLC. A calibration curve for 2, 
2´:5´, 2 ̋ - Terthiophene standard was prepared. Peak areas were plotted against 
the corresponding concentration. Chromatographic analysis of the filtered extract 
Chapter 6 Chemiluminescence 
216 
 
was carried out on an Agilent Technologies 1200 Series liquid chromatography 
system (Agilent Technologies, Vic, Australia) with a C18 Eclipse XDB column 
(150 x 4.6mm, 5μm). For thiophenes separation, the mobile phase was 72% 
methanol run isocratically at 25 °C for 30 min with the flow rate of 1.0 mL min-1. 
Chromatograms were recorded at a wavelength of 280 nm.  
All extracts of G. glabra were analyzed using HPLC used and the method for T. 
erecta was followed except for using Glycyrrhizic acid (GLY) as the standard 
and the mobile phase was methanol : water : acetic acid (60:34:6).  
6.3.5 Determination of antioxidant potential of metabolites 
To determine the antioxidant potential of extracted metabolites an acidic 
potassium permanganate assay was used following the protocol of McDermott et 
al. (2011).  The potassium permanganate reagent standard was prepared dayly by 
dissolving sodium polyphosphate (10 gL-1) in water followed by addition of 
potassium permanganate (1.0 mM). The pH of the solution was adjusted to 2.5 
using sulfuric acid.  
6.3.6 High Performance Liquid Chromatography–Mass 
Spectrometry 
An Agilent Technologies 6210 MSD TOF mass spectrometer was used in 
positive electrospray ionisation (ESI) mode for mass spectral analysis. The 
analysis conditions were: drying gas (N2) flow rate and temperature (7 L min–1, 
350 °C), nebuliser gas (N2) pressure (30 psi), capillary voltage 3.0 kV, vaporiser 
temperature 350 °C, and cone voltage 60 V. MS data acquisition was carried out 
using Agilent MassHunter Workstation Acquisition for TOF/Q-TOF (B.02.00 
(B1128)) and data analysis carried out using Agilent MassHunter Qualitative 
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Analysis (version B.03.01). HPLC-MS was used for identification and 
confirmation of presence of withaferin A in W. somnifera extracts. 
6.3.7 Gas-Liquid Chromatography–Mass Spectrometry 
The GC-MS analysis for identification and confirmation of presence of α-
Terthienyl in T. erecta extracts was performed using Agilent 6890N GC system 
equipped with MS detector 5975C. Helium was used as the carrier gas at a flow 
rate of 1 ml/min. The analysis was performed using DB-23(Durabond) capillary 
column (30 m x 0 .25 mm, 0.25 μm coated with 50% cyanopropyl-methyl 
polysiloxane. The analysis conditions were: Injector 240 ºC; temperature program 
T0 = 150 ºC, t0 = 2 min, rate of temperature increase = 2 ºC/min, T1 = 150 ºC, t1 = 
2 min; T2 = 150 ºC, t0 = 5 min; pressure = 13.33 psi, split ratio (20:1), Injection 
volume 1μl. Data analysis was performed using Chemstation v.1.0. Retention 
time and molecular weight of α-T (α-Terthienyl) in standard and T. erecta 
samples were compared. α-T was also confirmed by comparing mass spectrum of 
the metabolite with the MS Search Libraries (Wiley W9N08). 
6. 4 Results  
6.4.1 HPLC analysis of metabolites 
All extracts prepared were analyzed using HPLC with post column acidic 
potassium permanganate chemiluminescence detection. Three replicates of each 
sample were performed. A calibration curve for WA standard was made using 10, 
20, 30, 40, 50 and 60 μg/g of WA. The calibration curve showed a coefficient of 
determination, r2 = 0.9302 by linear equation of y = 0.396x - 3.43 for UV-
absorbance and r2 = 0.9417 by linear equation of y = 0.685x + 0.05 for 
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chemiluminescence detection. A calibration curve for 2, 2´:5´, 2 ̋ - Terthiophene 
(α-Terthienyl) standard was prepared using 20, 40, 60, 80, and 100 μg/g of α-
Terthienyl. The calibration curve showed a coefficient of determination, r2 = 
0.9996 by linear equation of y = 83.09x – 96.2 for UV-absorbance and r2 = 
0.9756 by linear equation of y = 11.1x + 144.2 for chemiluminescence detection.  
A calibration curve for Glycyrrhizic acid standard was prepared using 20, 40, 60, 
80, and 100 μg/g of GLY. The calibration curve showed a coefficient of 
determination, r2 = 0.9882 by linear equation of y = 14.398x – 295 for UV-
absorbance. 
6.4.2 Detection of antioxidant potential in Withania somnifera 
In conventionally grown roots (CGR) of W. somnifera there were 10 significant 
chemiluminescence signals (CL) observed after the post column 
chemiluminescence detection. In UV response also 10 peaks were visible at 
similar retention times of CL signals (Fig. 6.3). Peak 8 in both CL and UV graphs 
at retention time 44 min represent WA on comparison with standards. Presence of 
CL signal at peak 8 confirms the presence of antioxidant activity of WA. All 
other CL signals from 1 to 7 and 9 to 10 at retention times 8.06, 13.72, 17.35, 
22.45, 29.36, 34.32, 40.02, 57.22 and 59.11 min respectively show the presence 
of antioxidant activity in the root extract. WA identity was confirmed via high 
resolution HPLC-ESI-TOF MS. 
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Figure 6.3  Chromatograms for W. somnifera conventionally grown (CG) root 
samples. (a) Potassium permanganate chemiluminescence (purple) detection. (b) 
UV-absorbance detection (red). Peak 8 in both chromatograms denotes WA. AU 
in y-axis label represents arbitrary units. 
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Figure 6.4 Chromatograms for W. somnifera hairy root (HR) culture samples. (a) 
Potassium permanganate chemiluminescence detection (purple line). (b) UV-
absorbance detection (red line). Peak 5 in both chromatograms denotes WA. AU 
in y-axis label represents arbitrary units. 
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In transformed hairy root cultures of W. somnifera 8 prominent CL signals were 
observed with similar retention times to that of the UV response (Fig. 6.4). Peak 
5 at 44.16 min represents WA on comparison with standards showing antioxidant 
activity. All signals of CL from 1 to 4 and 6 to 8 at retention times 7.98, 13.56, 
29.24, 34.17, 57.18, 57.98, 59.06 min show the presence of 
antioxidant activity in the hairy root extract. CL peaks 1, 2, 5, 6, 8, 9 and 10 in 
CGR were similar in retention time with CL peaks 1, 2, 3, 4, 5, 6 and 8 in HR, 
thus giving a qualitative measure of the antioxidant activity in both CGR and HR. 
WA identity was confirmed via high resolution HPLC-ESI-TOF MS. 
6.4.3 Detection of antioxidant potential in Tagetes erecta 
In conventionally grown roots (CGR) of T. erecta there were 5 significant CL 
observed after the post column chemiluminescence detection. In UV response 5 
peaks were visible at similar retention times to CL signals (Fig. 6.5). Peak 4 
which is visible in CL is not visible in UV. This shows that there is 
chemiluminescence activity detected in the extract if at all there is no peak 
detected in UV response. Peak 6 in both CL and UV graphs at retention time 28 
min represent α-T on comparison with standards. Presence of CL signal at peak 6 
confirms the presence of antioxidant activity of α-T. All other CL signals from 
peaks 1 to 5 at retention times 3.41, 4.21, 4.95, 14.31 and 22.21 min respectively 
show the presence of antioxidant activity in the root extract. α-T identity was 
confirmed via GC-MS. 
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Figure 6.5  Chromatograms for T. erecta conventionally grown root samples. (a) 
Potassium permanganate chemiluminescence detection (purple). (b) UV-
absorbance detection (red). Peak 6 in both chromatograms denotes α-T. AU in y-
axis label represents arbitrary units. 
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Figure 6.6 Chromatograms for T. erecta hairy root culture samples. (a) 
potassium permanganate chemiluminescence detection (purple). (b) UV-
absorbance detection (red). Peak 5 in both chromatograms denotes α-T. AU in y-
axis label represents arbitrary units. 
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In transformed hairy root cultures of T. erecta, 5 prominent CL signals were 
observed with similar retention time as in UV response (Fig. 6.6). Peak 5 at 28 
min represent α-T on comparison with standards showing antioxidant activity. 
All signals of CL from 1 to 4 at retention times 4.95, 10.44, 14.31 and 21.33 min 
show the presence of antioxidant activity in the hairy root extract. CL peaks 4, 5 
and 6 in CGR were similar in retention time with CL peaks 3, 4 and 5 in HR, thus 
showing the antioxidant activity in both CGR and HR. α-T identity was 
confirmed via GC-MS.  
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6.4.4 Detection of antioxidant potential in Glycyrrhiza glabra 
In conventionally grown roots (CGR) of Glycyrrhiza glabra there were 6 
significant CL peaks observed after the post column chemiluminescence 
detection. In UV response 1 to 4 peaks were visible at similar retention times to 
the CL signals (Fig. 6.7). The prominent peak at retention time 10.6 min in UV 
response is the targeted compound Glycyrrhizic acid on comparison with 
standards which is not detected in CL response (though a minute bump is there at 
10.6 min).  All CL signals from 1 to 6 at retention times 3.6, 7.0, 9.4, 11.4, 13.0 
and 14.6 min respectively show the presence of antioxidant activity in the root 
extract. Peaks 5 and 6 in UV and CL are at different retention times and need 
further identification on a structural level to identify similarity. Hairy root 
cultures of G. glabra were not analyzed.  
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Figure 6.7  Chromatograms for G. glabra conventionally grown root samples. (a) 
Potassium permanganate chemiluminescence detection (purple). (b)  UV-
absorbance detection (red). No peak is detected for GLY in chromatogram (a). * 
indicates GLY detection in chromatogram (b). AU in y-axis label represents 
arbitrary units. 
 
 
 
 
 
 
 
52.5
53
53.5
54
54.5
55
55.5
56
56.5
57
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Glycyrrhiza glabra : CG Roots 
1 
2 
3 
4 
5 
6 
-5
0
5
10
15
20
25
30
35
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Retention time (minutes) 
1 
2 
3 
4 
5 
6 
* 
Re
sp
on
se
 (A
U
) 
a 
b 
Chapter 6 Chemiluminescence 
227 
 
6.4.5 Relative chemiluminescence intensity and UV response 
The relative chemiluminescence intensity and UV response is shown for WA for 
W. somnifera and α-Terthienyl for T. erecta (Fig. 6.8). The concentration of WA 
and the chemiluminescence intensity of WA in WS CGR and WS HR are 4.48 ± 
0.06 mg/g dry weight (DW), 6.80 ± 0.19  mg/g DW and 0.76 ± 0.65  mV, 2.40 ± 
1.07 mV respectively. The concentration of α-Terthienyl and the 
chemiluminescence intensity of α-Terthienyl in TE CGR and TE HR are 0.27 ± 
0.55  mg/g DW, 1.42 ± 0.89 mg/g DW and 0.29 ± 0.23  mV, 1.55 ± 0.16  mV 
respectively.  
 
 
 
Figure 6.8 Chemiluminescence intensity and concentration of metabolites of W. 
somnifera conventionally grown roots (WS: CGR) and W. somnifera hairy roots 
(WS: HR) and T. erecta conventionally grown roots (TE: CGR) and T. erecta 
hairy roots (TE: HR) with the acidic potassium permanganate reagent using flow 
injection analysis methodology. Marker dots represent chemiluminescence 
intensity. 
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6.5 Discussion 
Determination of antioxidants in an extract has been reported via various off-line 
batch style techniques. However, due to the complex nature of crude extracts 
these methodologies are not efficient for detection of antioxidants on an 
individual basis (Huang et al., 2005; Karadag et al., 2009; Magalhaes et al., 2008; 
Moon and Shibamoto, 2009). Recently researchers have developed on-line assays 
where detectors of antioxidants are coupled with an HPLC such as online DPPH˙, 
ABTS˙+ and acidic potassium permanganate chemiluminescence detection 
techniques (Niederländer et al., 2008; Shi et al., 2009). The acidic potassium 
permanganate chemiluminescence detection method used in my research has a 
major advantage over DPPH˙ and ABTS˙+ on-line assays for the time taken in the 
whole analysis (Niederländer et al., 2008). Instrument set up and preparation of 
reagents in both DPPH˙ and ABTS˙+ are time consuming activities. Firstly, both 
the assays require additional HPLC pumps and UV-vis absorbance detector 
whereas in acidic potassium permanganate chemiluminescence detection only a 
peristaltic pump and flow through luminometer is required. Secondly, the 
preparation of reagents of ABTS˙+ requires an incubation of 16-17 hrs once 
prepared followed by degassing before use. Similarly, in DPPH˙ also, degassing 
of reagents is required. However, the permanganate solution can be used 
immediately. Besides this, the working solution can be used continuously and 
even stored for a prolonged time period whereas in DPPH˙ and ABTS˙+ working 
solution needs to be prepared freshly on a daily basis (McDermott et al., 2011) 
Also, chemiluminescence detection offers greater sensitivity as compared to other 
assays (Mnatsakanyan et al., 2010). The reaction of acidic potassium 
permanganate (Niederländer et al., 2008) with organic molecules results in light 
Chapter 6 Chemiluminescence 
229 
 
emission from electronically excited manganese (II) species (Adcock et al., 2009; 
Adcock et al., 2008). The process produces signals which show agreement with 
the generally used assays and thus can be used as an alternative for rapid analysis 
(Francis et al., 2010). This method was thus used in the current study to identify 
the presence of antioxidant signals in the extracts and for estimating antioxidant 
potential in plant extracts. 
Various studies in W. somnifera, has identified the importance of root extracts as 
an antioxidant source. Off-line ABTS˙+ and DPPH˙ assays used in analyzing the 
antioxidant potential is not time effecient (Alam et al., 2012; Bhattacharya et al., 
1997; Chaudhuri et al., 2012; Ansari et al., 2013). The benefits of using the acidic 
poatassium permanganate chemiluminescence detection technique in W. 
somnifera extracts is related to the complex nature of the crude extract. In this 
method both quantification and detection analysis of the extract is possible and 
thus more samples can be analyzed with concrete results. The number of 
prominent peaks in the chromatograms (Fig. 6.3 and 6.4) indicates the presence 
of antioxidant activity in normal root and hairy root extracts which are in good 
agreement with the UV-absorbance. It was seen that not only WA, but other 
withanolides in the withania extracts have antioxidant properties. Peak 6 in CGR 
(Fig. 6.3a) and peak 4 in HR (Fig. 6.4a) is a potentially important compound 
which can be further analyzed to identify its nature and structure. The antioxidant 
potential in figure 6.8 shows that the UV-absorbance and chemiluminescence 
intensities are different in both CGR and HR with UV-absorbance intensities 
better than chemiluminescence. However, the hairy roots show better response in 
terms of chemiluminescence intensities in comparison with CGR. Thus hairy 
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roots are a better alternative as a source of antioxidants. This is in accordance 
with the reports published in terms of hairy roots possessing greater antioxidant 
potential as compared to normal roots (Thiruvengadam et al., 2014, Weremczuk-
Jezyna et al., 2013). 
In T. erecta, flowers are known to possess antioxidant potential (Gutiérrez et al., 
2006). Various studies have identified different assays for antioxidant evaluation 
(Chivde et al., 2011). Recently in T. erecta there has been a number of reports of 
using online HPLC-ABTS˙+ post column assay for detection of antioxidant 
potential in flowers of this species (Gong et al., 2012, Xu et al., 2014). However, 
with respect to antioxidant potential T. erecta root extracts have as yet not been 
investigated. To the best of my knowledge there is only one report where the 
antioxidant activity of root extracts has been studied (Gupta et al., 2012). In the 
commenced  study an unexplored domain was studied for antioxidant potential 
activity using  acidic potassium permanganate chemiluminescence assay being 
used for detecting and analyzing antioxidant activity.  My study shows that both 
CGR and HR roots exhibit antioxidant property (Fig. 6.5 and 6.6). It was also 
observed that hairy root extracts of the plant showed more prominent signals as 
compared to the conventionally grown plants. Peaks at 6 and 5 in CGR (Fig. 
6.5a) and HR (Fig. 6.6a) respectively showed the antioxidant potential of the 
targeted compound, α-Terthienyl. The peaks 1 and 4 in the chromatogram 
showed the presence of important compounds which need to be identified for 
their antioxidant potential activity.  An additional observation, in my experiments 
was the mobile phase used during the analysis. On a standard basis the mobile 
phase being used was acetonitrile and water for T. erecta analysis, however, it 
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was observed that the use of acetonitrile produces a lot of background noise 
(emission) with acidic potassium permanganate in post column detection in 
HPLC which quenched the response of signals during chemiluminescence 
detection from the sample.  Thus, methanol was used instead of acetonitrile as 
reported in the review by Adcock (Adcock et al., 2007). The antioxidant potential 
in figure 6.8 shows that the UV-absorbance and chemiluminescence intensities 
are similar in both CGR and HR with respect to UV-absorbance and 
chemiluminescence. However, the hairy roots showed a better response in terms 
of both chemiluminescence intensities and UV-absorbance in comparison with 
CGR. Thus hairy roots are again shown to be a better alternative as an antioxidant 
source confirming the findings of two recent reports (Thiruvengadam et al., 2014, 
Weremczuk-Jezyna et al., 2013). 
Extracts of roots of G. glabra, exhibit antioxidant activity which has till now 
been analyzed mainly using the DPPH˙ assay (Cheel et al., 2013, Chopra et al., 
2013). These previous studies related to the antioxidant activity were quite 
limited and individual antioxidants in the crude extracts were not identified. The 
chemiluminescence detection method used in the current study enabled such 
identification. In my study, there was no signal of GLY as an antioxidant 
compound identified in chromatogram of Glycyrrhiza glabra. Probably, this may 
be due to the structure of our targeted molecule, GLY. This clearly shows that 
there exists a relationship between the structure of analyte and the 
chemiluminescence detection (Adcock et al., 2007). However, the root extracts of 
G. glabra showed various other prominent signals which one can conclude 
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indicate that the root extract is a potential source of antioxidants. Peaks 2 and 5 
are interesting as they show antioxidant signals. 
The method for antioxidant detection proposed here is a rapid technique for 
identification of the presence of antioxidant potential in root extracts. In my 
research it is evident that (1) the hairy root cultures also possess antioxidant 
properties as in the parent plant (2) acidic potassium permanganate 
chemiluminescence detection is in good agreement with that obtained using 
HPLC with UV-absorbance.  
6. 6 Conclusion 
HPLC with post column acidic potassium permanganate chemiluminescence 
detection is an alternative tool for identifying and quantifying the potential 
antioxidants in a complex extract. Chemiluminescence detection provides an 
easy, simple and efficient method for qualitative and quantitative analysis of 
antioxidant levels in crude extracts possessing antioxidant activity, thus relating 
to the structure of the compound. The online monitoring system is less time 
consuming and multiple results of both UV-absorbance and antioxidant potential 
can be obtained simultaneously. The results demonstrate co-relation between the 
peaks detected in UV-absorbance and potassium permanganate 
chemiluminescence detection. This approach can thus be used as a rapid 
screening method for antioxidant capacity detection in plant and hairy root 
culture extracts.
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Chapter 7 : General Discussion 
7.1 Summary 
The research presented in this thesis has made a significant addition to the 
knowledge of the role of mycorrhizas as an elicitor for the production of 
secondary metabolites in three plant species, Withania somnifera (WS), Tagetes 
erecta (TE) and Glycyrrhiza glabra (GG) grown conventionally and for T. erecta 
hairy roots cultures grown in vitro. Along with the symbiosis and metabolite 
studies, extraction techniques were developed that have paved the way for a 
feasible method of continuous supply of secondary metabolites while maintaining 
root and mycorrhizal viability. Addressing significant gaps in our understanding 
of mycorrhizal symbiosis and extraction processes, the present study has resulted 
in a number of new findings. Research presented in this thesis was based on a 
comprehensive series of experiments that used firstly, morphological and 
phytochemical screening for germplasm selection that was developed using a 
modified in vitro whole plant method (chapter 2), followed by developmental and 
quantitative studies for selection of hairy root cultures from the selected 
germplasms (chapter 3), then establishment and selection of dual cultures with 
mycorrhizas under conventional as well as in vitro conditions (chapter 4) and 
finally analysis conducted for green extraction studies for feasibility detection of 
mycorrhized hairy root cultures (chapter 5). Along with this testing of the 
antioxidant potential activity of the extracts was also studied which adds weight 
to the medicinal underpinning of the study (chapter 6). Overall the study has 
resulted in a largely enhanced understanding of the variability in response of 
growth and secondary metabolite production in roots during symbiotic 
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associations with mycorrhizal fungi and has provided a new platform for further 
exploration of green extraction methodologies. 
7.2 Optimization of extraction protocol for secondary metabolites 
Extraction methodologies were combined to answer the question of optimum 
yield. Extraction of dried powdered samples with different solvents using 
ultrasound mediated extraction (USAE) and microwave assisted extraction had 
formerly been used (for example, Mirzajani et al., 2010; Sharma et al.,  2007) but 
a combination of extraction techniques with respect to varying methanol and 
ethanol concentrations had not been tested. Grinding sample followed by 
percolation in solvents for many hours which is a common extraction method 
(Dhar et al., 2006; Kumar et al., 2011; Scartezzini et al., 2007) is often not 
practicable due to the time taken and physical involvement. Grinding a sample in 
solvent at a specific concentration followed with ultrasonication, which disrupts 
cells, was found to be an easy, fast and efficient extraction platform. 
7.3 Germplasm selection as a primary tool for investigating the 
potential of plants to produce secondary metabolites 
A modified in vitro system was described as the method of selection and was 
found to be very useful for studying various parameters of plants grown under 
controlled conditions. Variation was observed in withaferin A (WA) and α-
Terthienyl (α-T) concentrations in the different germplasms of W. somnifera and 
T. erecta respectively, collected and grown in this study. Remarkably the 
concentration of WA in leaves from the in vitro system was 12-fold higher in the 
maximum WA producing germplasm than that previously reported (Dewir et al., 
2010) and two-fold less in the lowest producing germplasm in the same report. 
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Similarly, the concentration of WA in roots as found by Dewir in in vitro grown 
plants was similar in the lowest producing and 20 times lesser in the in the 
highest producing germplasms. In a comparative study with the conventional 
system, it was found that the concentration of WA was found to be higher in the 
in situ (hycotray grown) system as compared to the in vitro system, which was 
likely due to nutrient and moisture limitations in the latter system. Replenishment 
of nutrients and moisture may provide increased concentrations of WA in the in 
vitro system. For T. erecta, variation in α-T concentration was found between 
germplasms but there was similarity in α-T concentration found in both in vitro 
and in situ systems. Also the concentration of α-T reported earlier in other 
Tagetes species were in agreement with, and in some cases less than two fold, as 
compared with my study (Benavides and Caso, 1993; Poli et al., 1992). In G. 
glabra, glycyrrhizic acid (GLY) and glabridin (GLA) concentrations in the in 
vitro system were also higher than the in situ system. The concentration of GLA 
in rhizomes as reported (Raja et al., 2010), is in accordance with that produced in 
the in vitro system in the present study. GLA and GLY concentrations were 
observed to be higher in roots and rhizomes of plants grown in both the in vitro 
and in situ system as compared with other reports (Gupta et al., 2013; 
Sawaengsak et al., 2011) 
The modified in vitro system described was successfully tested on three different 
plants which confirm its reproducibility. The result thus shows the feasibility of 
this system for phytochemical screening and provides an efficient system for 
further studies related to molecular and enzymatic aspects. The proposed system 
reduces the time and physical labor required during harvesting, reducing the 
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chances of microbial contamination and hence, providing improved production of 
secondary metabolites.  
7.4 Hairy roots cultures - an alternative system for enhanced 
production of metabolites 
Agrobacterium rhizogenes mediated transformation resulted in successful 
establishment of hairy root cultures of W. somnifera (WS1, 2 and 10), T. erecta 
(TE1, 2 and 3) and G. glabra for selected germplasms of their respective species. 
As reported in earlier studies, it was observed that transformation frequency 
depends upon cultivar (Sharma et al., 2009), type of explant and its age (Vyas 
and Mukhopadhyay, 2014) and the Agrobacterium strain used (Ooi et al., 2013).  
The present study demonstrated that secondary metabolite production showed a 
decrease in 8 and 12 week old cultures which was also found for alkaloid 
accumulation in hairy root cultures of Datura stramonium (Baíza et al., 1998; 
Maldonado-Mendoza et al., 1993). The results presented here were in close 
accordance with WA production in W. somnifera in 3 - 4 week hairy root cultures 
(Sil et al., 2014; Sivanandhan et al., 2013). WA concentration in hairy root 
cultures in this study is higher than previously documented (for example, 
Sivanandhan et al., 2012) for adventitious roots of W. somnifera. Also, 
withanolide A and WA concentrations in in vitro and green house grown plants 
of W. somnifera (Dewir et al., 2010) was much less compared with the 
production of these metabolites in the hairy root cultures developed in the 
commenced study. Similarly, the production of the α-T in T. mendocina glass 
house grown plants and callus cultures of T. patula (Benavides and Caso, 1993; 
Poli et al., 1992) was much less than that for the hairy root cultures produced in 
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the current study. Both GLY and GLA were detected in the developed hairy roots 
of G. glabra, however, the culture remains in its juvenile stage and stabilization 
of the culture will be the next step in the development of this species for biomass 
and metabolite production. Thus, the rapid growth of hairy root cultures and 
stability of secondary metabolite production contribute significant benefits over 
conventional systems for the efficient production of secondary metabolites. 
7.5 Mycorrhizas as a biotic elicitor for secondary metabolite 
production 
W. somnifera and G. glabra are medicinally important plants, however, little was 
known about the influence of different mycorrhizas on production of metabolites 
(Hosamani et al., 2011; Liu et al., 2014; Orujei et al., 2013). Similarly, T. erecta 
has also been the subject of examination with mycorrhizas (Asrar and Elhindi, 
2011; Castillo et al., 2011) but there have been no studies on the influence of 
secondary metabolite production following mycorrhizal symbiosis. Thus, 
screening of different combinations of AMF was required for increasing the 
effectiveness of the symbiosis and was attempted in the commenced study in the 
conventional in situ experiments to analyze the most effective combination 
among the host and mycorrhizal symbiont. This approach was the fundamental 
first step in establishing root organ cultures. 
Conventional in situ experiments showed that different germplasms of a single 
plant species showed differences in their growth and metabolite production. 
Arbuscular mycorrhizal fungi (AMF) inoculations showed significantly higher 
growth and secondary metabolite production as compared to control plants. 
Rhizophagus intraradices showed significantly higher colonization in W. 
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somnifera (35%) and T. erecta (73%). Colonization with G. glabra, 24 weeks 
plants showed 73% colonization with Claroideoglomus etunicatum compared 
with other treatments and were in confirmation with published reports of root 
colonization (Linderman and Davis, 2004; Liu et al., 2014; Orujei et al., 2013). 
Higher colonization percentages showed that different species had different 
affinity for AMF species. The results also clearly demonstrated the difference in 
nutrient uptake between control and AMF inoculated plants (Castillo et al., 2011; 
Liu et al., 2014).    
Based on the preliminary experiment, R. intraradices, was taken forward for 
monoxenic ROC development.  Agrobacterium transformed roots have shown 
greater colonization and higher extraradical hyphal advancement than the 
untransformed root (Fortin et al., 2002). The present study attempted in vitro 
ROC establishment of T. erecta and W. somnifera hairy root cultures with R. 
intraradices. Success was achieved in T. erecta with stability maintained during 
the three cycles of subculturing. The α-T production in mycorrhized hairy root 
cultures increased due to symbiosis as compared to non-mycorrhized root with 4 
week cultures producing the maximum α-T. However, all attempts in developing 
ROC of W. somnifera failed in the present study. It is possible that the signal 
molecules released by the hairy roots are not recognized or not in favor for the 
symbiosis to occur in W. somnifera roots. However, the formation of a symbiosis 
was shown in earlier reports in in situ studies (Halder and Ray, 2006; Hosamani 
et al., 2011; Nagaraj and Sreenivasa, 2014; Yaseen and Ibrar, 2011) and also 
shown in the present in situ studies. Baylis had hypothesized less of a need for or 
dependency on mycorrhizas in presence of extensive root hairs and thus this can 
Chapter 7 General Discussion 
239 
 
be one of the reasons for the failed attempt in establishing symbiosis (Baylis, 
1975). Moreover, in vitro ROC established here is a simple and pure process for 
obtaining large quantities of AMF and secondary metabolites for further 
molecular and biochemical studies. 
7.6 Green extraction as the future technology for wide scale 
production of secondary metabolites 
“Green extraction” in the commenced study has been used to demonstrate the 
use of solvents and exercise of techniques for achieving non-destructive effects 
during extraction. T. erecta mycorrhized hairy root cultures were used in the 
study to analyze mycorrhizas and roots viability during the release of α-T while 
using USAE and shaking assisted extraction (SAE). In the current study the age 
of mycorrhizas was a very important factor which was addressed with 
observation that with maturity of the roots and mycorrhizas the chance of 
surviving solvent treatments increases. Perhaps this could be due to secondary 
wall thickening in the more mature roots as well as the mycorrhizal spores. 
Twelve week old mycorrhized hairy root cultures were more responsive to 
treatments compared with 4 and 8 week old cultures. Among the solvents tested, 
the use of hexane, nonane and dodecane proved to be useful for viability and 
metabolite release. Viability was considerably reduced in hexane treated roots 
with increase in exposure time both in USAE and SAE. The concentration of TT 
released by dodecane was much greater than that with nonane and i suggest that 
this difference should be further investigated. 
Solvents (methanol, ethanol and hexane) having log P < 5.5 (logarithm of 
partition coefficient) are easily penetrating to the root cells but  (dodecane and  
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nonane) with log P > 5.5 possess less solubility in water and thus there 
penetration is slow and destruction caused is less (Zhang et al., 2011).  The 
viability of mycorrhizas and roots can be attributed to the hydrophobicity of the 
solvents. In the extraction methodologies used, rapid release of α-T was observed 
in USAE which with increased exposure (Cesaro et al., 2014) led to increase in 
yield but viability of root was affected due to surface distortion. USAE thus 
needs to be optimized with respect to the time and lower frequency of treatment. 
The second extraction mode involving SAE amounted for the gradual discharge 
due to the increased contact with the surface (Cicero et al., 2000), although the 
time taken for the release was more with lesser deleterious effect on the root 
surface. Mycorrhizas however, in both cases remained viable when dodecane and 
nonane solvents were used with release of α-T. A direct relationship was found 
where increase in time also increased the release of metabolite. Pre-treatments to 
roots when USAE and SAE are employed thus can be proposed for faster and 
increased metabolite release. The present study showed that green non-
destructive extraction from mycorrhized hairy root culture of T. erecta was 
achievable.  
7.7 Antioxidant potential is a key characteristic of biomolecules - 
chemiluminescence is a sensitive assay for its determination 
A rapid and sensitive online detection tool for identifying the potential 
antioxidants in a complex extract was used involving HPLC with post column 
acidic potassium permanganate chemiluminescence detection. This detection 
provided qualitative and quantitative analysis of antioxidant levels in the crude 
extracts that possessed antioxidant activity with multiple analyses from both UV-
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absorbance and antioxidant potential simultaneously. The previous studies (Cheel 
et al., 2013, Chopra et al., 2013) related to antioxidant activity, were quite limited 
and individual antioxidants in the crude extracts were not identified. The 
chemiluminescence detection method used in the current study enabled such 
identification. 
In W. somnifera extracts the number of prominent peaks in the chromatograms 
(Chapter 6, Fig. 6.3 and 6.4) indicates the presence of antioxidant activity in 
normal root and hairy root extracts which were in good agreement with the UV-
absorbance. It was also observed that not only WA, but other withanolides in the 
withania extracts have antioxidant properties. The antioxidant potential of T. 
erecta root extracts, to the best of my knowledge, is investigated in only one 
report (Gupta et al., 2012). The present study has thus uncovered an as yet 
underexplored domain of antioxidant potential activity and is the first report of 
the use of an acidic potassium permanganate chemiluminescence assay being 
used for detection and analysis of antioxidant activity.   
Furthermore, hairy roots cultures showed better response in terms of 
chemiluminescence intensities in comparison with conventionally grown roots 
(CGR) and were found  to be a more potent antioxidant source which confirms 
similar findings of two recent  reports (Thiruvengadam et al., 2014; Weremczuk-
Jezyna et al., 2013). Thus hairy roots are a better alternative source of 
antioxidants. Hence, chemiluminescence detection is a reliable, sensitive and 
rapid screening method for antioxidant capacity detection in plant and hairy root 
culture extracts. 
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7.8 Final conclusions 
This thesis started out with a quest for developing new ways for extraction of 
important plant biomolecules for eventual use as medicinal compounds. It is 
evident from the present study that mycorrhizal fungi can act as a powerful biotic 
elicitor and that they form an essential component of a new and novel, and 
‘symbiosis friendly’ approach to enhanced plant secondary metabolite 
production.  
The in vitro whole plant method developed, optimized and examined in this study 
has provided several important and novel insights into the use of a true to type 
system for phytochemical screening which will allow for further investigation of 
the contamination free raw material for molecular, enzymatic and biochemical 
analysis. The research presented here is a vital step forward in our understanding 
of mycorrhizal symbioses in hairy root cultures of medicinal value for elicitation 
studies. A number of in depth studies on microscopic analysis have been 
conducted which combined with the information derived in the commenced study 
on the use of confocal microscopy and scanning electron microscopy will provide 
invaluable information for further investigations into the detailing of the various 
structures formed during symbioses. 
These discoveries combined with future work, represent an important mark in the 
direction of the eventual objective of continuous culture with metabolite 
production. Research in this thesis has therefore developed a platform for future 
studies that will enable the upscaling of production of metabolites of interest and 
for maintaining viable mycorrhizal associations. 
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7.9 Future directions 
The contribution of the present thesis is to make way for scale up of the 
production of secondary metabolites in a pilot scale bioreactor that has already 
been developed by The Energy and Resources Institute (TERI), New Delhi, 
India, which can be critically tested following the findings of the current 
research. Already the knowledge gained in the study is being employed on the 
design and functioning of a mini green extraction vessel (MGEV) as shown in 
figure 7.1 which would use ultrasound waves for extraction in association with 
pretreatments of heat and cold shock. 
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Figure 7.1 The original set up of mini green extraction vessel. (a) Sieve stand for 
placing mycorrhized hairy root cultures. (b) and (c) knob for heat and cold 
treatment respectively. (d) Solvent introduction funnel. (e) Support stand for 
ultrasonication bath. (f) Stopcock for solvent collection. 
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There are a number of other promising areas for future research that can be 
derived from the results presented in this thesis: 
x Use of abiotic and biotic elicitors in the plant-mycorrhiza association for 
study of their influence on the symbioses with respect to secondary 
metabolite production in plants. 
x Transmission electron microscopy study of the developed in vitro T. 
erecta cultures at different stages of the symbioses for a detailed study of 
cell functioning. 
x Tagging the lipid molecules in mycorrhizal spores during confocal 
microscopy for live visualization of the transfer of nutrients and their 
storage. 
x Chemiluminesence studies on mycorrhized hairy root culture extracts for 
identifying elicitation-related increase in antioxidant potential. 
x Enzymatic and gene activity studies for identifying the changes that occur 
during mycorrhizal symbioses especially in relation to secondary 
metabolite production  
x Identifying solutions hindering the establishment of mycorrhizal 
symbioses in the in vitro cultures of W.  somnifera 
x Further analysis of the factors required for establishment of mycorrhizal 
symbioses in G. glabra hairy root cultures and ways of analyzing the 
mycorrhizal influence on elicitation of GLY and GLA.
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